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ABSTRACT 
A great attribute of almost modern, liveable city is the presence of trees. 
Homeowners enjoy gardens with shrubs and trees which can improve real estate 
value, shade, and energy efficiency. Street trees are provided by local government 
authorities to improve the landscape, enhance the environment and to increase 
land values. Trees, however, can also cause problems if they become too large for 
the streetscape. They obstruct light, lose branches in storms and uplift pavements. 
More importantly, trees can cause damage to lightly loaded structures such as 
pavement and residential buildings. Trees use soil moisture for transpiration, the 
loss of water from the leaves generate a negative potential or suction on the 
leaves, which provides the pulling power to drive water from the soil to the leaves 
through the root and xylem. During the dry season, when evaporation rates are 
high, the tree roots must extend more deeply for finding water. This can cause 
greater ground movements in the dry season than would be expected without the 
presence of trees. Trees near to a residential building, especially Australian native 
species can extract large quantities of moisture from soils and lead to localized 
settlement. If the shrinkage settlement is significant, the buildings may deflect 
significantly which can result in structural damage. In Australia, distortions of 
pavements and dwellings caused by trees are widely reported, particularly in 
areas of expansive soil. 
 
Current engineering guidelines given in Australian Standard AS2870 (2011) are 
not based on adequate field research and measurement. Consequently, attempts to 
design footings to resist the additional ground movement due to trees are often 
flawed owing to poor understanding of the water demands of various tree species, 
wilting points and potential root development. 
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This study is part of a long-term and comprehensive research programme aimed 
at minimising the risk of planting trees on clay soils in an urban environment. It 
involves field monitoring, laboratory testing, numerical simulation and case 
studies.  
 
In order to collect high-quality field data and develop an improved understanding 
of the physical processes that drive tree root-expansive soil interaction, a field site 
was established in 2011 in Glenroy, a northern suburb of Melbourne. This site 
was selected because it is a highly reactive site with basaltic clay in an urban 
environment. A 2.4 m high Eucalyptus ficifiolia and a 2 m high Meyer Lemon 
tree were planted on the site. Eucalyptus ficifiolia was chosen for this study 
because it is widely used as a street tree while the Meyer Lemon tree is one of the 
most popular citrus trees for home gardens. The instrumentation installed at the 
site includes: (a) automatic weather station; (b) HRM sap flow meters; (c) neutron 
moisture probe (soil moisture contents); (d) surface and sub-surface movement 
probes; (e) soil moisture sensors. Daily transpiration of the trees, in-situ soil 
moisture variations, ground movements, relative humidity, solar radiation, wind 
direction and velocity and rainfall have been closely monitored since May 2011. 
Field monitoring over a period of 5.5 years reveals that the presence of the tree 
resulted in an increase in the depth of soil moisture (suction) variation and a 
larger shrinking settlement of the ground. The changes in soil moisture and the 
associated soil movements were recorded mainly in the upper 2.0 m of the soil 
profile as the tree is still young. The experience gained to date from the field 
monitoring has shown that a sap flow meter is a reliable tool for measuring 
transpiration rate and water uptake by tree. The measured transpiration rate of the 
tree increases as the tree grows. The transpiration rate recorded in dry seasons is 
significantly higher than in wet seasons. 
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A comprehensive laboratory investigation was also performed to complement the 
field data, which include (a) soil shrink-swell tests, (b) permeability tests, (c) soil 
suction measurements, (d) triaxial tests, (e) shear box tests and (f) suction-
controlled oedometer tests (soil water characteristic curve, SWCC). The outcome 
of the field and laboratory investigation led to the publication of a comprehensive 
data set that not only benefits practitioners but also researchers as it can be used 
to evaluate the numerical models. 
 
As well as the field and laboratory work, a numerical model for tree root-soil 
interaction analysis has been developed to study the influence of tree root drying 
on the behaviour of unsaturated soil. A three-dimensional finite element approach 
based on ABAQUS has been employed to back-analysis the field experiment at 
the Glenroy site. The predicted results calculated using the soil, tree and 
atmospheric parameters obtained from the laboratory tests and field measurement, 
compared favourably with the field measurements. 
 
In addition to the field monitoring and numerical modelling, a case study of a 
cracked residential house in a southwest suburb of Melbourne was carried out. 
During the field investigation, daily transpiration and water uptake of a large 
street tree, located about 7 m from the northwest corner of the property, was 
monitored using two sap flow meters. The soil suction, shrink-swell indices and 
SWCC were measured. A numerical analysis was also conducted to estimate the 
soil suction distribution and soil movement under influence of large Eucalypt 
tree. The case study revealed the major cause of house distortion could be 
attributed to tree root drying, which resulted in non-uniform soil moisture 
conditions and significant footing settlement at the northwest corner. It has clearly 
shown that trees, growing in close proximity to a house could cause more severe 
damage to the buildings than the expected moisture changes due to seasonal 
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influences and re-distribution of soil moisture arising from construction on the 
site. 
 
This research project has been unique in that it has incorporated and integrated a 
range of disciplines such as plant science, tree physiology, geotechnical and 
structural engineering. It includes the field monitoring, laboratory tests, numerical 
modelling and case study. The outcomes of this study have added valuable 
information to the body of knowledge in geotechnical and environmental 
engineering, therefore contributing to a higher level of understanding of the 
behaviour of unsaturated soil, daily transpiration and water uptake of trees, 
physical processes of the root-soil interaction and the impact of tree on residential 
footings. 
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NOTATION 
 
pT  tree transpiration rate 
'   effective stress 
a   pore air pressure 
w  pore water pressure 
   parameter related to the degree of saturation in effective stress equation 
  net stress 
s   matric suction 
ij   Kronecker’s delta 
'
ij   average stress 
ref
eS  the effective degree of saturation 
ref
rS  residual degree of saturation 
r  residual water content 
s   saturated water content 
aeS   suction in air entry value 
reS  the residual suction 
d  fitting parameter in Brooks and Corey SWCC equation  
d  fitting parameters in Fredlund and Xing SWCC equation 
d   fitting parameters in Fredlund and Xing SWCC equation 
d  fitting parameters in Fredlund and Xing SWCC equation 
wda /  fitting parameters in Van Genuchten equation 
wdm /   fitting parameters in Van Genuchten equation 
wdn /  fitting parameters in Van Genuchten equation 
D minimum horizontal distance 
H  height of the tree 
ptI   instability index 
psI  shrinkage index 
sy  characteristic surface movement 
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u  soil suction change averaged over the thickness of the soil layer 
sH  the value of depth of design suction change 
equ  the equilibrium suction value 
wpu  wilting point suction 
tH  the influence depth of tree 
  volumetric water content 
)(K  hydraulic conductivity 
z  gravity head 
  total head 
)(S  sink term 
mz  maximum depth of root zone 
mr  maximum root zone width 
),( zr root density 
)(G  root distribution parameter in Wollongong model 
)( pTF  transpiration parameter in Wollongong model 
tE  leaf evaporation rate 
LAI  leaf area index 
qi  rainfall rate 
qe  evaporation rate 
LWP  leaf water potential 
w  water density 
Rt  the net radiation flux to the area 
tL   the latent heat of evaporation 
tt EL  the latent heat flux 
tH  the sensible-heat flux from the area 
sT  the temperature of the leaf surface 
aT  the ambient air temperature 
xr  the external heat-diffusion resistance 
se  the vapour pressure of the liquid surface within the leaf 
ae  the ambient vapour pressure 
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er  the external vapour-diffusion resistance 
ir   the internal vapour-diffusion resistance, between the liquid and the leaf  
surface 
Qb  blow canopy light 
Qa       the above canopy light 
sV        the velocity of sap flow 
k         the thermal diffusivity of wet wood 
x         the distance between the heat source (heater) and temperature sensors 
1v        the increases in temperature (from ambient) downstream  
2v        the increases in temperature (from ambient) upstream  
)(i    canopy reduce factor between 0 and 1 
zP        empirical parameters in Vrugt root density equation 
rP        empirical parameters in Vrugt root density equation 
*z        empirical parameters in Vrugt root density equation 
*r        empirical parameters in Vrugt root density equation 
1K       empirical parameter in root shape equation 
2K       empirical parameter in root shape equation 
         total suction 
s       osmotic suction 
rS        degree of saturation 
)(s    reduction factor in soil aeration 
)(ek s   the saturated coefficient of hydraulic conductivity 
eS        effective degree of saturation 
v        volumetric strain 
e
v        volumetric strain in elastic region 
p
v       volumetric strain in plastic region 
         swelling index 
         compression index 
e          void ratio 
0e         initial void ratio 
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0m       initial mass of soil sample in SWCC test 
0V        initial volume of soil sample in SWCC test 
iw        initial water content in SWCC test 
0
wm       initial water mass in SWCC test 
0
wV       initial water volume in SWCC test 
sm       the mass of soil particles in SWCC test 
sV        the volume of soil particles in SWCC test 
1
wV       new water volume in SWCC test 
h         soil sample ring height 
ringD    soil sample ring diameter 
elJ      the elastic part of the volume ratio between the current and reference on 
 figurations 
el
tp      the elastic tensile strength of the material 
ele       the deviatoric part of the total elastic strain 
el
vol      logarithmic measure of the elastic volume change 
p        the equivalent pressure stress 
q         the Mises equivalent stress 
r         the third stress invariant 
t          the deviatoric stress measure 
M       a constant that defines the slope of the critical state line 
        wet yield surface size 
0a         initial yield surface size 
K        flow stress ratio 
vp  the slope of normal compression line for net stress change in consolidated 
soil 
vs   the slope of normal compression line for suction change in consolidated 
soil 
vp  the slope of unloading reloading line for net stress change in over        
consolidated soil 
vs  the slope of unloading reloading line for suction change in over 
XVII 
 
consolidated soil 
G        a scalar 
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Chapter 1   
Introduction 
1.1 Introduction 
Trees and shrubs are planted for a variety of purposes, such as aesthetics, 
enhancing the appearance, shading, reducing wind effects, screening unsightly 
views as well as providing environmental and health benefits. Street trees are 
provided by local government authorities to improve the landscape, increase land 
values and to attract birds and other wildlife. The downside to this, however, is 
that trees may damage buildings through the extraction of moisture from clay 
soils, causing deep drying effects (Biddle, 1983). Distortions of dwellings and 
other lightly loaded structure caused by the tree root drying have been widely 
reported, particularly in areas of expansive soil. Expansive soil is heavy clay soil, 
which undergoes appreciable volume change as a result of soil moisture (suction) 
changes. This volume change occurs as soil heaving upon wetting and shrinking 
upon drying (Li and Cameron, 2002). If the soil foundation is subjected to 
differential movement arising from no uniform soil moisture change, the building 
may deform and result in structural damage. 
 
Damage to lightly loaded structures founded on expansive soils caused by trees 
has been widely reported throughout the world. The problems are particularly 
significant in Australia as approximately 20% of the total land area is covered by 
expansive soils, and most expansive soil areas are concentrated in metropolitan 
region (Richards et al., 1984). Australia is the driest inhabited continent in the 
world, and it is particularly prone to drought for its located in subtropical high 
pressure belt that downdraft resulting in sinking, dry, stable air and usually clear 
skies. The El Niño-Southern Oscillation phenomenon causes much of the 
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droughts in eastern and northern Australia, which typically lasts about a year. 
Even worse, sometime droughts can extend over several years and the long term 
droughts (2 years or longer) occur in every 3 to 12 years (Australian Bureau of 
Statistics Year Book 2012 (2012)). Furthermore, widespread urban water 
shortages have impacted on the availability of water to plants, leading to loss of 
vegetation. Under the influence of drought, trees extending their root systems to 
find other sources of water in the soil, especially the soils below buildings and 
pavements where have higher moisture content. Past research has shown that tree 
root systems can cause greater ground movements in the dry season than would 
be expected without the presence of trees (Richards et al., 1983, McInnes et al., 
1994). 
 
The soil moisture content is the dominant factor in controlling the movement of 
clay foundation. The change of soil moisture content is due to a variety of 
reasons, such as the season change, plants effect, irregular irrigation, global 
climate change, extreme weather or the combinations. Although the houses 
damaged as a result of climate and season change accounting for a relatively large 
proportion, there is also a considerable proportion of houses are damaged by root 
drying effect. Holland (1982) inspected over 500 cases of foundation failures in 
clay soil in Melbourne Metropolitan region and found that approximately 30% of 
these failures were directly attributed to tree drying settlement.  
 
Figure 1.1 illustrates the impacts of a tree on the ground movement and the 
performance of the structure. Tree roots absorb moisture from the soil, which 
results in soil shrinkage settlements. If the foundation is located within the tree 
influence zone and the shrinkage settlements are significant, the footing may 
experience an edge settlement, resulting in unsightly and perhaps structural 
damage. Cameron (2000, 2001, 2002) monitored the ground movement and soil 
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suction profiles at various distance from trees, and proposed a simple model for 
estimating the drying settlement caused by trees. 
 
 
Figure 1.1: House damaged by root drying effect 
 
1.2 Problem Description 
Planting trees in an urban environment is vital to urban environment. Street trees 
provided by local government authorities can improve the environment and 
increase land values. However, trees may indirectly damage infrastructures in 
urban environments, through the extraction of moisture from clay soils which 
causes deep drying effects. Most of the residential buildings in Australia are 
constructed with brick external walls which are intolerant to the ground 
movement caused by tree root drying.  
 
Keeping sufficient separation distances between the tree and house is used widely 
to prevent damage to the house caused by soil shrinkage from tree-related 
desiccation. The minimum separation distances between trees and buildings is 
determined by a range of factors such as climate, the type of the building and 
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foundation soils, the species and the mature height of tree. Current design 
guidelines only provide a botanically naïve method that is unable to provide any 
recommendations on the potential influence of the different species of trees on the 
soil dryness (AS2870, 2011).  
 
One of the critical steps to predict the ground movement caused by tree roots is to 
estimate the distribution of soil moisture or suction in the root influence zone. 
The moisture of soil within the tree influence zone is mainly extracted by the tree 
roots. The current method recommended by AS2870 (2011) for the additional 
ground movement due to tree roots is flawed owing to lack of knowledge of the 
water demands of various tree species. Additionally, when simulating the tree-
root-soil-footing interaction, a reliable root water uptake model is required.  
 
Over the last decade, many attempts have been made to simulate the interaction 
between tree roots and unsaturated soils by using finite element models (FEM). A 
number of numerical models have been proposed to predict the soil moisture 
(suction) distribution and ground movement. However, all these models have 
some shortages as outlined below. Firstly, most numerical models are one-
dimensional or two-dimensional, axisymmetric simulation, which can only be 
used to mode a single tree. Secondly, the impact of climate (i.e., rainfall and 
evaporation) is not taken into account in the numerical simulation Thirdly, most 
current numerical models simply take root water uptake as a constant value 
However, water demand of trees will change due to circadian and season change, 
and other conditions which can lead to soil moisture content changes, such as 
raining and irrigation. In addition, few models include the concrete footing in the 
interaction analysis. The most of the models have not been calibrated or validated 
by using the long-term, high-quality field data. The input parameters for the most 
existing models are either estimated or taken from the textbook or other published 
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results. 
 
1.3 Objectives and Scopes 
The main objective of this study is to evaluate the influence of trees on soil 
moisture and ground movement in an urban environment. To achieve this goal, 
the following activities were carried out: (a) establishment of a full-scale field site 
for continuous monitoring, data collection and sample collection, (b) conducting a 
series of laboratory experiments, (c) development of a new root water uptake 
model which considers the climate factors, (d) numerical analysis of the 
interaction between root, unsaturated soil and footings, (e) case studies.  
 
The collection of the long-term, high-quality field data that can provide an 
improved understanding of the physical processes that drive tree-root-soil 
interaction and develop a numerical model that can be used to predict the extent 
of ground movement caused by tree roots absorption effect. 
 
The specific objectives of the research are to: 
 establish a full-scale field investigation site in a highly reactive soil area to 
collect the long-term, high-quality field data including transpiration and 
water uptake by trees, in situ soil moisture and suction profiles, soil 
movements at various distances from the tree and climate data; 
 evaluate the influence of tree on soil moisture distribution and ground 
movement;  
 develop an improved understanding of the physical processes that drive 
climate-tree root-expansive soil interaction; 
 develop a numerical model that can be used to predict the extent of ground 
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movement caused by tree roots absorption effect; 
 carry out a parametric study to evaluate the relative importance of various 
parameters on soil suction distribution, ground movement and the 
performance of the footing; 
 carry out a case study of a residential building damaged by expansive soil 
movement caused by tree root drying. 
 
1.4 Arrangement of this Thesis 
This thesis is divided into nine chapters, with Chapter 1 being the introduction, 
and Chapter 2 provides a literature review of expansive soil behaviors, 
unsaturated soil properties, Australian Standard for residential footing and 
foundation design, root water uptake behaviors and influencing factors of water 
uptake rate, hydraulic and mechanical behaviors of expansive soil and the 
development of numerical modelling of vegetated unsaturated soils. 
 
Chapter 3 focuses on the development of a root water uptake model which is used 
to estimate water demand of the tree. The measurement of tree sap flow, tree roots 
distribution and various climate factors and their impacts are described. Develop 
the governing equation of unsaturated soil deformation with the consideration of 
pore water flow and moisture absorption by roots. Besides, this chapter describes 
the unsaturated soil mechanics which include effective stress, soil suction and soil 
water characteristic curve. 
 
Chapter 4 describes the conducting of a full-scale field investigation in North 
Melbourne. The field site includes a single storey house, a eucalyptus tree in front 
yard, a lemon tree in back yard, sap flow meters, a weather station and aluminium 
borehole casing for measuring soil moisture profile. After that, the laboratory 
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experiments are described for working out the properties of field soil samples, 
drawing the soil water characteristic curve and figuring out the relationship 
between soil deformation and moisture content. 
 
Chapter 5 presented the analysis of collected data from the field site. 
 
Chapter 6 introduces the implementation of the numerical model in ABAQUS to 
simulate the interaction between roots, unsaturated soil, weather and footing by 
using the proposed root water uptake model. The application of boundary 
conditions, initial conditions and footing loads, rain loads are introduced. 
 
Chapter 7 presents a numerical parametric study to evaluate how these parameters 
affect the soil suction distribution, ground movement, and footing deformation. 
 
Chapter 8 describes the practical applications of the proposed numerical model to 
a case study. 
 
Chapter 9 provides the conclusions of the current research and gives 
recommendations for future work. 
 
The last part of this thesis includes reference and bibliography. 
 
  
8 
 
Chapter 2  
Background and Literature Review 
2.1 Introduction 
Damage to lightly loaded structures founded on expansive soils has been widely 
reported throughout the world, which has resulted in massive economic losses 
each year. The annual cost of expansive soil damage in the U.S. was estimated to 
be $2.2 billion US dollars in 1973 (Jones, 1973), which exceeded the total 
damage that caused by earthquakes, hurricanes and floods combined. Krohn and 
Slosson (1980) did another estimation in 1980 and found the annual cost of 
expansive soil damage in the U.S. increased to US$7.0 billion. Wray (1990) 
conducted a survey solely in Dallas County, Texas and identified 8,470 residential 
foundation failures which occurred in only one year (1974), of which 98% 
occurred in expansive soils. The problems are particularly significant in Australia 
as approximately 20% of Australia is covered by moderately to highly expansive 
soils (Richards, Peter et al., 1984). Reactive clay cover all the major metropolitan 
areas and six out of eight Australia’s largest cities are significantly affected by the 
expansive soils (Fityus et al., 2004). Approximately half of the surface area of 
Victoria is covered by moderate to highly expansive soils (McAndrew, 1965). 
Considine (1984) reported that more than 50,000 houses cracked each year in 
Australia, which accounted for approximately 80% of all housing insurance 
claims. 
 
In unsaturated soil mechanics, the problem of desiccation of clay soil to cause 
shrinkage and settlement has been recognized and researched over 60 years 
(Blight, 2005). In early days, however, most of these works only focused on the 
evaporation of soil moisture from the soil surface. Researchers generally ignored 
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the impact on soil desiccation by trees which can cause deep drying effects. 
However, accurately predicting soil moisture changes is very difficult due to 
many factors that need to be considered and the way they interact and work 
together is extremely complex.  
 
Climate change and drought can intensify the expansive soil movement and 
aggravate the building cracking problem in Australia. Tree roots can desiccate soil 
quicker in its influence zone, and this will result in an uneven settlement of a 
building. Desiccation settlement damage is not the only way that drought can lead 
to structural damages, but it can also damage structures in other ways. For 
instance, a long term slow desiccation may cause a uniform settlement which 
would not cause any damage, but when the rain suddenly comes or irrigation 
water is used, the soils around the building will swell quicker than the soil 
beneath it. According to Rogers et al. (1993), expansive soils could exert uplift 
pressures of as much as 250 kPa, which could do considerable damage to lightly 
loaded structures. It was reported by the building advisory service of the 
Australian Institute of Architects (Archicentre, 2009) that 34% of properties 
across Australia had been damaged by drought and the estimated repair costs of 
house cracking in Australia could be as high as $1 billion per year with basic 
underpinning costing up to $80,000 per home with a wide variation in the extent 
of damage. 
 
2.2 Behaviours of Unsaturated Soils 
2.2.1 Vadose Zone 
Vadose zone is defined as the soil region between the ground surface and the 
groundwater table. The moisture content in this zone is variable, which can 
disturb the internal stress equilibrium and leads to ground movement (Nelson and 
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Miller, 1997). In vadose zone, soils have two states: the saturated and the 
unsaturated (Fredlund et al., 1996). As shown in Figure 2.1 the soil region just 
above the water table is the capillary fringe, where the groundwater flows up in 
the pores by capillary action. The soil in capillary fringe is fully saturated and the 
pore water pressure is negative. Over the capillary fringe is the unsaturated zone, 
air begins entering the pores. In this zone, the pore water in soils may be two 
types. The first type is the pore water is continuous. Although there is air present 
in pores, it is in forms of bubbles, and the pore water is connected with water 
membrane. Therefore, the water can flow relative quicker and the degree of 
saturation in this part of soil is higher. The other type is when the degree of 
saturation is very low, the pore water becomes discontinuous and the pore air is 
continuous. The pore water flow in this zone is slow. The main flow mode is pore 
water evaporation and transferring to lower potential region, and then condense to 
liquid. 
 
 
Figure 2.1: Vadose zone 
 
The location of groundwater table can influence the distribution of moisture 
content in a soil profile. The range of vadose zone under the ground will vary 
with the change of seasonal climate conditions. In the rainy season, the 
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groundwater table rises closer to ground surface, the moisture content in the 
unsaturated zone is hence relatively higher. In the dry season, the groundwater 
table slowly drops with time, the unsaturated zone extends and the moisture 
content in the unsaturated zone is therefore decreasing. Short-term precipitation 
or few sunny days have limited influence of the location of groundwater table. 
The groundwater table is determined by the difference between the downward 
flux and the upward flux in a long-term period (Fredlund, Xing et al., 1996).  
 
Beside the location of the groundwater table, the short-term moisture flow can 
also significantly influence the moisture profile in the soil. The water flows in the 
vadose zone include precipitation, evaporation, and water-uptake by vegetation. 
The moisture change under the impact of regular precipitation and season change 
is controllable and predictable. However, the moisture content under the impact 
of vegetation is irregular and difficult to predict. Plants can significantly reduce 
the moisture content of soils to a considerable depth. After investigating an open 
grassed field on London clay, Parry (1992) found the desiccation depth of grass to 
be about 4 m. Compared with trees, the moisture content distribution is uniform 
in a soil profile under the desiccation effect of grass. The desiccation range 
caused by a tree is dependent on the shape of its roots. Normally tree can make a 
conical desiccation zone which is deeper and drier than influence zone of grass. 
 
According to Blight (1997), the moisture content in a soil system can be 
calculated based on the principle of mass conservation. A soil system means a 
part of soil within specified boundaries. The calculation method used is called 
Soil Water Balance (SWB) which can be expressed in different forms. The 
principle of using SWB to calculate the moisture content in the soil is: the water 
amount in a soil system is equal to the previous water amount in this soil system 
plus the amount of net water flow in/out. Percolation includes precipitation, 
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irrigation and any other water that could be added into the soil system. 
Transpiration and evaporation can be combined as one factor which is called as 
evapotranspiration because they have a strong correlation and normally are 
studied together. The moisture content in a soil system can be determined by 
measuring the values of the parameters in this water balance model. However, as 
the main sink term, to accurately measure evapotranspiration is difficult. The 
measurement method is very important and will be discussed in Sections 2.3. 
 
2.2.2 Effective Stress 
The principle of effective stress was originally developed by Terzaghi (1925) to 
describe the stress state of saturated soils. Effective stress dominates the soil 
mechanical behaviours, such as the volume change and shear strength behaviour. 
The physical effect of effective stress is the net stress applied on the soil skeleton. 
Therefore, the effective stress of saturated soils is the difference between the total 
stress (σ) and the pore water pressure (𝑢𝑤). However, unsaturated soil is a three-
phase body which is constituted by air, water and rigid soil particles (Lambe and 
Whitman, 1979). Except pore water pressure (𝑢𝑤), pore air pressure also acting 
on unsaturated soils. The acting of pore air pressure will make the pore water to 
have a negative pressure which induces suction force acting on soil skeleton. The 
negative pore water pressure will increase the effective stress in unsaturated soils, 
unlike the pore water in saturated soils.  
 
Bishop (1960) suggested a single constitutive variables (SCV) equation to present 
the effective stress (𝜎′) of unsaturated soils which is: 
 
𝜎′ = (𝜎 − 𝑢𝑎) + 𝜒(𝑢𝑎 − 𝑢𝑤) (2.1) 
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where 𝜎  is total stress (kPa), 𝑢𝑎  is pore air pressure (kPa), 𝑢𝑤  is pore water 
pressure (kPa), 𝜒 is the effective stress parameter, 𝜎 − 𝑢𝑎 is the net normal stress 
(kPa) and 𝑢𝑎 − 𝑢𝑤 is the metric suction (kPa), pore water pressure in unsaturated 
soil is negative 
 
Effective stress parameter (𝜒) is a kind of material-related parameter. The value 
of effective stress parameter is between 0 and 1. The value of 𝜒 is 0 for dry soils 
and 1 for saturated soils. Because of this, many research focused on its 
relationship between 𝜒 and degree of saturation (𝑆𝑟) (Blight, 1961, Donald, 1961, 
Escario et al., 1989): 
 
𝜒 = 𝜒(𝑆𝑟) (2.2) 
 
Coleman (1962) noted that 𝜒 is strongly related to the soil structure, therefore it is 
hard to find the correlation between 𝜒  and degree of saturation. Khalili and 
Khabbaz (1998) proposed that the 𝜒  has a relationship with suction ratio 
(𝑢𝑎 − 𝑢𝑤 𝑢𝑒⁄ ), and it can be expressed as: 
 
𝜒 = {
(
𝑢𝑎 − 𝑢𝑤
𝑢𝑒
)
−0.55
  𝑢𝑎 − 𝑢𝑤 > 𝑢𝑒
  1                             𝑢𝑎 − 𝑢𝑤 ≤ 𝑢𝑒
 (2.3) 
 
where 𝑢𝑎 is pore air pressure (kPa), 𝑢𝑤 is pore water pressure (kPa) and 𝑢𝑒 is air 
entry value (kPa). 
 
Jennings and Burland (1962) pointed out that the single constitutive variables 
(SCV) effective stress concept developed by Bishop (1960) has limitation in 
theory and application. Khalili et al. (2004) suggested the effective stress concept 
is consistent with the elastoplastic theory in elastic stage.  
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Bishop and Blight (1963) and Blight (1967) proposed that using two independent 
variables which are net normal stress (𝜎 − 𝑢𝑎) and suction (𝑢𝑎 − 𝑢𝑤) to describe 
the stress state in unsaturated soils. Fredlund and Morgenstern (1977) verified the 
two independent variables concept through experiments, and they thought the two 
independent variables can be chosen from any two of the following three stress 
variables: (𝜎 − 𝑢𝑤), (𝜎 − 𝑢𝑎) and (𝑢𝑎 − 𝑢𝑤). 
 
2.2.3 Ground Movement and Site Classification 
Ground movement is the main reason that leads to failure of lightly loaded 
structure including footings and pavements (Kassiff and Zeitlen, 1962, Seed and 
Lundgren, 1962). From a macro point of view, the change of moisture content 
leads to the change in soil volume, but the mechanism of this process is very 
complex. The soil volume change could be affected by its mineral composition, 
chemical composition, particle size, and soil profile (Cameron and Walsh, 1984). 
In general, the mechanism of soil volume change can be divided into two aspects, 
the mechanical action and the chemical action (Terzaghi, 1931, Kassiff and 
Holland, 1965). 
 
The chemical action of soil volume change is related to the mineral composition, 
chemical composition and other geometry property of the soils. If the content of 
montmorillonite in a soil is high, this soil will swell significantly when moisture 
content increases. Wayllace (2008) noted that there are two swelling mechanisms, 
namely, the crystalline swelling (Type I swelling) and osmotic swelling (Type II 
swelling). The crystalline swelling is the mineral ion dissolved in pore water, then 
the solution crystals before swelling. Due to the maximum discrete layers of 
water between the mineral interlayers is four (Norrish, 1954), the swelling 
volume of crystalline swelling has a limit. On the other hand, the osmotic 
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swelling usually can cause a large volume change. 
 
The mechanical action of soil volume change is generally caused by the change 
of soil suction. The change of suction will cause the change of effective stress and 
leads to volume change. When wetting a soil, the swelling volume of this soil is 
related to the initial moisture content, applied stress, initial void ratio and dry 
density. Some experimental studies have shown the volume of the swelling has a 
positive correlation with the initial soil suction and the correlation is nonlinear, 
thus the expansion rate is larger when the initial soil moisture content is low 
(Justo et al., 1984, Richards, Peter et al., 1984). The swelling pressure is related 
to the initial dry density or initial void ratio (Brackley, 1973). For the clay in a 
field condition, after a long-term wetting-drying cycle, the structure of soil 
skeleton is stable. Hence, the change of suction can only cause the elastic 
deformation of soil. 
 
Australian Standard (AS 2870-2001, 2001) provides a method to estimate the 
characteristic surface movement and based on this characteristic surface 
movement, the site classification is determined. The characteristic surface 
movement can be determined by the sum of movement of each soil layer, the 
equation is shown below (AS 2870-2001, 2001): 
 
𝑦𝑠 =
1
100
∑(𝐼𝑝𝑡∆𝑢̅̅̅̅ ℎ)𝑛
𝑁
𝑁=1
 (2.4) 
 
where 𝑦𝑠 is characteristic surface movement (mm), 𝐼𝑝𝑡 is instability index (𝑝𝐹), 
∆𝑢̅̅̅̅  is the average soil suction change over the thickness of the layers (pF), ℎ is 
the thickness of layer under consideration (mm) and 𝑁  is the number of soil 
layers within the design depth of suction change. 
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The Australian Standard (AS 2870-2001, 2001) also provides the ground surface 
movement under the impact of tree (𝑦𝑡). When the ratio of the distance of tree to 
the building and design height of the single tree (
𝐷𝑡
𝐻𝑇
) is greater than 0.5, the 
surface movement under the impact of tree can be calculated as (AS 2870-2001, 
2001): 
 
𝑦𝑡 = {1 − [
𝐷𝑡
𝐻𝑇 − 0.5
𝐷𝑖
𝐻𝑇 − 0.5
]}𝑦𝑠 (2.5) 
 
where 𝑦𝑡  is ground surface movement under effect of tree (mm), 𝑦𝑠  is 
characteristic surface movement (mm), 𝐻𝑇 is design height of single tree (m), 𝐷𝑡 
is distance of tree to the building (m) and 𝐷𝑖 is tree influence distance (m). 
 
The tree influence distance is an important factor which is hard to be measured. 
The Australian Standard suggests a ratio which is based on experience to 
determine the extent of tree influence: for a single tree, the influence distance 
should be taken as the same as the mature height of the single tree. However, the 
influence range of tree root is depending on many factors, such as root geometry 
shape, root density distribution, the permeability of soil and tree species. As 
concluded by Hemmati and Gatmiri (2008), the ratio of the root influence 
distance and the tree height is up to 1.5, the ratio data is shown in Table 2.1. 
 
Based on the AS2870 (2001), typical values of the characteristic surface 
movement (𝑦𝑠) and the corresponding site classification are shown in Table 2.2, 
and the site classification is shown in Table 2.3. 
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Table 2.1: Suggestion of the ratio of the root influence distance to the tree height 
D/H Species Reference 
< 𝟎. 𝟓 Significant effect for a row of 
elm trees 
Bozozuk (1962) 
Up to 1.5 A range of tree species Biddle (1983) 
< 𝟎. 𝟕 Highly affected zone for a single 
eucalypt 
Cameron (2001) 
< 𝟏. 𝟓 Highly affected zone for a row 
of mature eucalypts 
Cameron (2001) 
0.5 to 1 Single eucalypt in relatively 
consistent deep clay 
Jaksa et al. (2002) 
0.8 to 1.1 Row of eucalypts in relatively 
consistent deep clay 
Jaksa, Kaggwa et al. 
(2002) 
1 Single tree Blight (2003) 
1.5 Row of trees Blight (2003) 
 
 
 
Table 2.2: Characteristic surface movement and the corresponding site 
classification 
Characteristic surface 
movement (𝒚𝒔) 𝒎𝒎 
Site classification 
𝟎 < 𝒚𝒔 ≤ 𝟐𝟎 S 
𝟐𝟎 < 𝒚𝒔 ≤ 𝟒𝟎 M 
𝟒𝟎 < 𝒚𝒔 ≤ 𝟔𝟎 H1 
𝟔𝟎 < 𝒚𝒔 ≤ 𝟕𝟓 H2 
𝒚𝒔 > 𝟕𝟓 E 
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Table 2.3: Site classification 
Class Description of Foundation 
A Most sand and rock sites with little or no ground movement 
from moisture changes 
S Slightly reactive clay sites, which may experience only 
slight ground movement from moisture changes 
M Moderately reactive clay or silt sites, which may experience 
moderate ground movement from moisture changes 
H1 Highly reactive clay sites, which may experience high 
ground movement from moisture changes 
H2 Highly reactive clay sites, which may experience very high 
ground movement from moisture changes 
E Extremely reactive sites, which may experience extreme 
ground movement from moisture changes 
 
 
2.2.4 Soil Water Characteristic Curve 
The relationship between moisture content and suction of a soil is defined by the 
Soil Water Characteristic Curve (SWCC). Soil moisture content can be expressed 
as volumetric moisture content, gravimetric moisture content or degree of 
saturation, and the suction also can be expressed as total suction or matric 
suction. SWCC is important in determining the shear stress, constitutive model 
and hydraulic conductivity of soils (Millington and Quirk, 1961, Mualem, 1976, 
Fredlund and Xing, 1994, Wheeler, 1996) as it associates the state variable and 
the stress variable of soil.  
 
Through experimental measurements, we can get some discrete data points of the 
relationship between soil moisture content and the suction, a mathematical 
equation is necessary to express those data points as a continuous curve. There 
are two types parameters used in different SWCC equations (Ning and Likos, 
2004). One is using some feature points which are related to moisture content or 
suction, such as the air entry value, saturated moisture content and residual 
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moisture content. However, the air entry value describes the phenomenon in the 
infiltration process, but the SWCC is different on infiltration process and drainage 
process. The other type is using two or more empirical parameters to determine 
the SWCC fitting curve. Three most widely used SWCC models are introduced 
here. 
 
Brooks and Corey (1964) proposed one of the earliest SWCC models. The 
Brooks-Corey model is a two-section exponential equation, the turning point at 
the air entry value (𝜓𝑎) is based on large number of experiments 
 
𝑆𝑒 = {
1              𝜓 < 𝜓𝑎
(
𝜓𝑎
𝜓
)
𝜆
    𝜓 ≥ 𝜓𝑎
 (2.6) 
 
where 𝜓 is soil suction (kPa), 𝜓𝑎 is air entry value (kPa), air entry value is the 
soil suction when the air begins entering the pores. The 𝜆 is an index, indicating 
the pore size distribution. Larger 𝜆 indicate soils have the larger particle size and 
uniform pore size distribution; smaller 𝜆 indicate soils have small particle size 
and dense and non-uniform pore size distribution. 𝑆𝑒 is effective degree of 
saturation (%) given by: 
 
𝑆𝑒 =
𝑆𝑟 − 𝑆𝑑
1 − 𝑆𝑑
 (2.7) 
 
where 𝑆𝑟 is degree of saturation (%) and 𝑆𝑑 residual degree of saturation (%). 
 
Van Genuchten (1980) proposed a closed, smooth SWCC model. It is a curve 
fitting model which has three parameters: 
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𝑆𝑒 = [
1
1 + (𝑎𝜓)𝑛
]
𝑚
 (2.8) 
 
where 𝑎, 𝑚 and 𝑛 are the curve fitting parameters and 𝜓 is the term of suction 
which can be expressed by pressure (kPa) or water head (m). When 𝜓  is 
expressed by pressure, parameter 𝑎 can be denoted by 𝛼 (𝑘𝑃𝑎−1) which is equal 
to the reciprocal of the air entry value. Parameter 𝑛  refers to pore size 
distribution, and parameter 𝑚  is related to the symmetry of the SWCC. For 
simplify the equation, parameter 𝑚 can be expressed by parameter 𝑛: 
 
𝑚 = 1 −
1
𝑛
 (2.9) 
or 
𝑚 = 1 −
1
2𝑛
 (2.10) 
 
The simplified equation can generally obtain more stable results (Van Genuchten 
et al., 1991). 
 
Fredlund and Xing (1994) proposed an SWCC equation similar to Van 
Genuchten’s equation which can be expressed as: 
 
𝜃 = 𝐶(𝜓)𝜃𝑠 [
1
ln[𝑒 + (𝜓 𝑎⁄ )𝑛]
]
𝑚
 (2.11) 
 
where 𝜃 is volumetric water content, 𝜓 is the soil suction (kPa), 𝜃𝑠  is saturated 
volumetric water content, 𝑒  is natural logarithm constant and 𝑎 , 𝑚 , 𝑛  are the 
fitting parameters which have the same meaning with the parameters in Van 
Genuchten’s equation; 𝐶(𝜓) is correction factor which can be calculated as: 
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𝐶(𝜓) = [1 −
ln(1 + 𝜓 𝜓𝑟⁄ )
ln(1 + 106 𝜓𝑟⁄ )
] (2.12) 
 
where 𝜓𝑟 is the suction at residual water content (kPa). When moisture content is 
0, the suction is 106 kPa. 
 
2.2.5 Soil Permeability 
The permeability of the unsaturated soil, unlike the saturated soil, will vary with 
the degree of saturation or suction of the soil. Researchers are committed to 
finding the relation between permeability coefficient and degree of saturation or 
suction, and try to use soil water characteristic curve (SWCC) to predict the 
permeability coefficient. The equations of permeability coefficients can be 
divided into three groups: empirical models, macroscopic models and statistical 
models (Mualem, 1986).  
 
Empirical models usually are based on the saturated permeability coefficients that 
introduce one or few fitting parameters to control the shape of unsaturated 
permeability coefficient curve. Macroscopic models consider the microcosmic 
water flow through the soil pores and is similar to the water flow through the soil 
body in macroscopic. Macroscopic models normally are power functions that 
consider the distribution of pore size. Statistical models consider the pore water 
can only flow in the saturated capillary in the unsaturated soil. The smaller radius 
of capillary has higher chance to be saturated. Therefore, the statistical 
distribution of the radius of capillary and the connected state of those capillaries 
will determine the unsaturated permeability coefficient. SWCC is used to predict 
the permeability coefficient of the unsaturated soils. A brief summary of 
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unsaturated permeability coefficient models is given by Likos and Lu (2004), and 
is shown in Table 2.4. In Table 2.4, 𝑘 is unsaturated permeability coefficient, 𝜃 is 
water content, 𝜓  is soil suction, 𝑠𝑒  is the effective degree of saturation, ℎ𝑚  is 
water head, 𝑘𝑠 is the saturated permeability coefficient and 𝑛, 𝛼, 𝑎, 𝑏, 𝛽, 𝜂, 𝜆 are 
parameters. 
 
Table 2.4: Saturated permeability review (Likos and Lu 2004) 
Equations Reference 
𝑘(𝜃) = 𝑘𝑠𝜃
𝑛 
𝑘(𝑆) = 𝑘𝑠𝑆𝑒
𝑛 
Averjanov (1950) 
𝑘(𝜃) = 𝑘𝑠𝑒𝑥𝑝[𝛼(𝜃 − 𝜃𝑠)] Davidson et al. (1969) 
𝑘(𝜃) = 𝑘𝑠 (
𝜃
𝜃𝑠
)
𝑛
 Campbell (1973) 
𝑘(𝜓) = 𝑎𝜓 + 𝑏 Richards (1931) 
𝑘(𝜓) = 𝑎𝜓−𝑛 Wind (1955) 
𝑘(𝜓) =
𝑘𝑠
1 + 𝑎𝜓𝑛
 Gardner (1958) 
𝑘(𝜓) = 𝑘𝑠exp (−𝑎𝜓) 
𝑘(𝜓) = 𝑘𝑠exp (𝛽ℎ𝑚) 
Gardner (1958) 
{
𝑘(𝜓) = 𝑘𝑠                𝜓 ≤ 𝜓𝑏  
𝑘(𝜓) = 𝑘𝑠 (
𝜓𝑏
𝜓
)
𝜂
   𝜓 > 𝜓𝑏 
 
𝜂 = 2 + 3𝜆 
Brooks and Corey (1964) 
 
 
2.2.6 Soil Suction Profile 
For unsaturated expansive soils, the suction profile is influenced by the 
distribution of the soil moisture. In the soil, the suction profile is changing with 
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the flowing of moisture, such as precipitation, evapotranspiration and the seasonal 
variation of groundwater table. According to Fityus and Buzzi (2008) and Masia 
et al. (2004), soil suction is highest at the soil surface where is the driest, and then 
soil suction decrease along the soil depth to zero (at water table). 
 
If there was no influence of fluctuation of groundwater table, the soil suction can 
remain relatively stable at a depth (𝐻𝑠), and the region between the soil surface 
and this depth is called an active zone. The suction profile line can move to 
higher at dry season and move to lower at rainy season. Soils beneath buildings 
are rarely impacted by the above environment changes. Hence, suction profile 
lines have smaller movement under footings and slabs. Tree roots can influence 
the suction profile, such as move suction profile line to lower in dry season, 
deeper the active zone, increase the movement of suction line beneath structures. 
Root density distribution and geometry determine how the tree roots influence the 
suction profile. 
 
According to Australian standard (AS2870-2001, 2001) and McKeen (1992), the 
range of wet and dry pore pressure boundaries for a soil surface is from 3 pF (98 
kPa) to 5 pF (9800 kPa).  
 
2.3 Tree Water Uptake 
2.3.1 Tree Physiology 
Water is vital for plants as it is the main component of the protoplasm of plant 
cells, and as a good solvent most biochemical reactions must be carried out in 
aqueous solutions (Hüner and Hopkins, 2008). Almost all the water is absorbed 
by the tree root systems and moves along the xylem conduits up to the stomata on 
the leaves, and that almost all of the absorbed water is lost in transpiration 
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through leaves (Livingston and Beall, 1934). 
 
Tree roots absorption can be divided into two different types, the active 
absorption and passive absorption. The active absorption also called active 
osmotic water absorption which needs the help of metabolic energy (Atkins, 
1916, Priestley, 1921). The root cells concentrate its tissue fluid to produce a 
higher osmotic pressure, thus water moves from soil into roots system. If the 
osmotic pressure of soil solution is higher than roots tissue fluid, say in a saline 
land, the water absorption will stop. The active absorption normally is carried out 
in low transpiring or at night. In the daytime, stomata are open and transpiration 
is high, the transpiration can generate a negative pressure in the root system, and 
therefore roots can absorb water passively.  
 
2.3.2 Transpiration 
Transpiration is the process of plant water evaporation from the leaves, flowers 
and stems and releases the vapour to the atmosphere. This process supplies the 
negative pressure for roots to absorb water from soils and transport the water 
from the roots to the leaves. Transpiration is a passive process requiring no input 
of metabolic energy. The driven force of transpiration is applied by the 
meteorological power of air temperature, humidity, wind speed, incoming solar 
radiation, longwave radiation and rainfall, producing remarkably different surface 
energy and water balances (Koster and Milly, 1997, Pitman et al., 1999). 
 
Some large trees may grow to tens or even over one hundred meters, the long-
distance water transport is essential for trees. The water passive flow upwards 
against gravity through the xylem of a tree is described by the cohesion-tension 
theory which was proposed by Dixon and Joly (1895). During the daytime, the 
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stomata keep opening and the water in the xylem conduits evaporates into the 
atmosphere. The loss of water from the stomata reduces the water potential of the 
leaves and the reduction of water potential produce a suction force which is called 
“transpiration pull”. The “transpiration pull”, utilizing capillary action and the 
inherent surface tension of water, lifting the water up along the xylem conduits to 
the top of the tree. Because the xylem conduits are continuous, this negative 
pressure is transmitted to the roots. Meanwhile, the suction of roots is increased. 
When the suction of roots is higher than soils, the water in the soils can passively 
move into the roots. The pressure of transpiration pull mainly depends on the 
diameter of the conduits. In generally, transpiration pull can produce suction up to 
31 MPa, and the only 2 MPa should suffice to move water to the top of a 100 m 
tall tree (Dixon, 1914, Kozlowski, 1962).  
 
The process of soil water transports into the atmosphere through plants is defined 
as Soil-Plant-Atmosphere Continuum (SPAC) which is one of the most important 
pathways of the water cycle, for a large amount of water is transported in this 
way. Wullschleger et al. (1998) surveyed 52 studies which reported the water 
uptakes of trees for 67 species in over 35 genera. The survey indicated that 90% 
of the studies reported the maximum rates of daily water uptake were between 10 
to 200 litres per day for the average 21 m-high trees. It revealed that the water 
uptake rate of an overstory Euperua purpurea Bth. tree growing in the Amazonian 
rainforest reached to 1,180 litres per day (Table 2.5). Therefore, trees can 
significantly desiccate the soils, which will cause the shrinkage settlement of soils 
and damage the structures. In addition, the loss of soil water in evaporation from 
the soil surface and transpiration by small plants such as grasses and bushes is 
also considerable (Blight, 2005). The sum of movement of water from soils to the 
atmosphere in both evaporation from the soil surface and transpiration by plants 
is described as evapotranspiration. 
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Table 2.5: Water use in woody plants by Wullschleger (1998) (partial) 
Species 
Height 
(m) 
Diameter 
(cm) 
Leaf 
area 
(m2) 
Sapwood 
area 
(cm2) 
Water 
use 
(kg/day) 
Abies amabilis 18 40 151 
 
98 
Acacia dealbata 
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279 59 
Anacardium excelsum 35 102 
 
5,100 379 
Aspidosperma 
cruentum    
150 40 
Banksia grandis 
  
22 
 
101 
Carapa procera 37 38 
 
355 52 
Carya illinoensis 4 8 43 
 
150 
Cassipourea 
guianensis 
18 17 
 
186 24 
Dacryodes excelsa 20 55 
  
372 
Eperua falcata 35 45 
 
535 166 
Eperua leucantha 
   
131 91 
Eperua purpurea 
   
1521 1180 
Eucalyptus 
kondininensis 
 
 
2 
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2.3.3 Root Length Density and Measurement Methods 
Root length density is defined as the total length of roots in a unit volume of soil, 
which is one of the important parameters required to describe plant performance 
(Pierret et al., 2000). Root length density is used to express the root extension and 
distribution in the soil (Adiku et al., 2001). The distribution of roots can 
significantly influence the suction profile in soil and also is vital to predict the 
development of root system. Although root length density is such important, it is 
very difficult to measure in the field accurately. The measurement methods can be 
classified into three types: washing method, mapping method and imaging 
(scanning) method. Washing method is to excavate the whole root system which 
includes the soil, and then remove the soil from roots for measurement. This 
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method is the most widely used, however, it is notoriously imprecise and labour-
intensive (Pierret, Lavallée et al., 2000), more than 30% of the roots could be lost 
during the washing process (Pearson and Jacobs, 1985). The washing method is 
not easy implementation to a large tree and there is a large chance to kill the tree. 
Mapping method is to dig a pit face or allied trench for counting the number of 
root intersections, and then mapping the root distribution. Scanning method is 
using X-radiography, CAT-scanning or MRI to scan the intact samples, then use 
imaging technology to figure out the distribution of root system. The intact 
sample is the soil cubic which involves the whole root system. Using this method 
can get a relative integral root distribution, however, it is hard to operate if the 
plant is too big for a large tree. 
 
The models to describe root length density in the field can be divided into two 
different types (Smit et al., 2013). One describes the root length distribution in the 
soil at any time without considering the time variable. For example, the 
mathematical model of Gerwitz and Page (1974), assumes the root is growing 
without restriction, and the root length density is decreasing with an exponential 
ratio: 
 
𝑃𝑖 = 100(1 − 𝑒
−𝛼𝑧) (2.13) 
 
where 𝑃𝑖  is the percentage of roots involved in a soil body at a depth, 𝑧 is the 
depth (cm) and α is a parameter. 
 
The other type models consider the development of root system by assuming a 
root growth rate. In general, they have the form of (Smit, Bengough et al., 2013): 
 
𝑅𝑎𝑐𝑡(𝑡) = 𝑅𝑝𝑜𝑡𝑆𝑧𝐶(𝑡) (2.14) 
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where 𝑅𝑎𝑐𝑡(𝑡)  is the actual downward penetration rate at time 𝑡 , 𝑅𝑝𝑜𝑡  is the 
potential downward penetration rate, 𝑆𝑧  is the soil physical constraint at the 
deepest rooted depth, 𝑧  is the deepest rooted depth and 𝐶(𝑡)  is the water or 
nitrogen deficit status of the plant at time 𝑡. 
 
2.3.4 Transpiration Measurement 
2.3.4.1 Water Balance Approach 
Water balance approach is widely used in a variety of disciplines and systems to 
describe the balance of water flow through and store in a system. This approach 
refers to the law of conservation of mass, thus the sum of total water loss from a 
system and the water remains in the system equal the total water flow into this 
system. The general equation of water balance can be expressed as: 
 
∆𝑆 = 𝐼 − 𝐿 (2.15) 
 
where ∆𝑆 is change of water storage in system, 𝐼 is total water flow into system 
and 𝐿 is total water loss from system. Therefore, the soil water content at time 𝑗 
(Azhar and Perera, 2006): 
 
SWC𝑗 = 𝑆𝑊𝐶𝑗−1 + 𝑅𝐹𝑗 + 𝐶𝑅𝑗 + 𝐼𝑅𝑗 − 𝐸𝑇𝑗 − 𝐷𝑃𝑗 − 𝐷𝑅𝑗 (2.16) 
 
where 𝑆𝑊𝐶𝑗  is the soil water content at the end of 𝑗
𝑡ℎ  period (cm), 𝑅𝐹𝑗  is the 
effective rainfall during period 𝑗 (cm), 𝐶𝑅𝑗  is the capillary rise from the lower 
boundary of the soil profile during period 𝑗 (cm), 𝐼𝑅𝑗 is the net irrigation during 
period 𝑗 (cm), 𝐸𝑇𝑗 is the plants evapotranspiration during period 𝑗 (cm), 𝐷𝑃𝑗  is the 
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deep percolation from the lower boundary of the soil profile during period 𝑗 (cm) 
and 𝐷𝑅𝑗 is the surface runoff/drainage out of the field during period 𝑗 (cm). 
 
To calculate the evapotranspiration, the rest of parameters in this equation need to 
be measured accurately. One of the measuring devices is lysimeter, which can 
record the amount of infiltration, water-lost and change of water content in the 
soil to calculate the amount of water lost to evapotranspiration. In theory, this 
approach has a high accuracy, because it uses the law of conservation of mass. 
Many approaches or models to estimate the change of soil water content under 
the impact of plants are based on the theory of water balance approach. 
 
Gravimetric measurement of transpiration is one of the measurement methods of 
transpiration which is using this theory. Loss of water by transpiration will reduce 
the weight of a plant-water-soil system. The changed weight of the system is the 
mass of the water uptake by a plant. The weighing lysimeter is one of the 
applications of this method. 
 
2.3.4.2 HRM-Method-Sap Flow Measurement 
The Heat Ratio Method (HRM) was developed by the University of Western 
Australia and partner organisations ICRAF and CSIRO. HRM is an improvement 
of Compensation Heat Pulse Method (CHPM). For the CHPM, a heater element 
is inserted to the xylem and two probes containing temperature sensors are 
inserted to upstream and downstream from the heater element. The distances from 
the heater element to the two probes are different. The distance from the upstream 
probe is shorter than the distance from the downstream probe. During 
measurement, the sap is heated in pulses and the heat is transport to the 
temperature probes. When both temperature probes warm up to the same degree, 
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the heat pulse conduction velocity can be calculated by the following equation:  
 
𝑉ℎ =
𝑥1 + 𝑥2
2𝑡0
∙ 3600 (2.17) 
 
where 𝑉ℎ is the heat pulse conduction velocity (cm/h), 𝑥1 and 𝑥2 are the distances 
from the heater to the probes (cm), respectively. 
 
The CHPM has limitations on measuring low rates of sap flow as the heat pulse 
may dissipate by conduction before it reaches the measurement point (Becker, 
1998). However, the HRM measure the ratio of the increase in temperature 
(Burgess et al., 2001). Equidistantly inserted 3 probes into the xylem in one axis, 
among the 3 probes, two of them are temperature sensors and the other one is a 
line heater at the middle. The heater releases a pulse of heat and two temperature 
sensors can measure the change of temperature to determine the sap flow velocity 
and the direction of sap flow. The sap flow velocity can be calculated by the 
Equation (3.14). 
 
2.3.5 Tree Root Water Uptake Models 
In the research of water uptake by plant roots, two main approaches have been 
adopted which are the macroscopic approach and microscopic approach. The 
microscopic approach focuses on the water uptake mechanism of single roots 
(Feddes and Raats, 2004). The root is assumed uniformly distributed in the root 
zone and the whole root system is represented by a series of such single roots. 
The macroscopic approach focuses on the soil water taken by the whole root 
system. 
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2.3.5.1 Microscopic Models 
The microscopic approach was first introduced by Gardner (1960). This approach 
assumes the single root is an infinitely long cylinder, the root radius with the 
water-uptake characteristics, soil properties and hydraulic conductivity remain the 
same alone the cylinder. If the effect of gravity is ignored, it can be considered as 
a radial flow of water to a single root. The mathematical expressions are thus 
become, 
 
{
 
 
 
 
𝜕𝜃
𝜕𝑡
=
1
𝑟
𝜕
𝜕𝑟
[𝑟𝐷(𝜃)
𝜕𝜃
𝜕𝑟
]                                                        
𝜃 = 𝜃0 𝑜𝑟 𝜑 = 𝜑0                                     𝑡 = 0, 𝑟 ≥ 0
𝑞 = −2𝜋𝑟𝑟𝑘(𝜑)
𝜕𝜑
𝜕𝑟
= 2𝜋𝑟𝑟𝐷(𝜃)
𝜕𝜃
𝜕𝑟
      𝑟 = 𝑟𝑟 , 𝑡 > 0
𝜃 = 𝜃0 𝑜𝑟 𝜑 = 𝜑0                                     𝑟 = ∞, 𝑡 > 0
 (2.18) 
 
where 𝑟  is radial direction from center of root, 𝑟𝑟  is radius of root, 𝜃  is soil 
moisture content, 𝜑 is soil water potential, 𝜃0 is initial soil moisture content, 𝜑0 
is initial soil water potential, 𝐾(𝜑) is soil hydraulic conductivity, 𝐷(𝜃) is soil 
water diffusion and 𝑞 is root water extraction rate of unit length. 
 
The equation was further investigated and improved by other researchers such as 
Molz (1968), Molz and Peterson (1976), Cushman (1984). Molz and Peterson 
(1976) considered both the water flow in the soil and water flow inside the root, 
and the hydraulic characteristics of root as well. The equation of radial flow of 
water to a single root in root zone can be written as: 
 
C
𝜕𝜑𝑚
𝜕𝑡
= 𝑘
𝜕2𝜑𝑚
𝜕𝑟2
+
𝑘
𝑟
𝜕𝜑𝑚
𝜕𝑟
+
𝜕𝑘
𝜕𝑟
(
𝜕𝜑𝑚
𝜕𝑟
)
2
      𝑟𝑟 < 𝑟 < 𝑟𝑠, 𝑡 > 0 (2.19) 
 
where 𝜑𝑚 is potential of soil matrix, 𝐶 is specific water capacity and 𝑟𝑠 is half the 
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pitch of adjacent root. The radial flow in root tissue can be expressed as: 
 
𝜕𝜑
𝜕𝑡
= 𝐷𝑡
𝜕2𝜑𝑡
𝜕𝑟2
+
𝐷𝑡
𝑟
𝜕𝜑𝑡
𝜕𝑟
      𝑟𝑒 < 𝑟 < 𝑟𝑡, 𝑡 > 0 (2.20) 
 
where 𝜑𝑡 is water potential of root tissue, 𝐷𝑡 is water diffusion of root tissue and 
𝑟𝑒 is radius of root cortex. 
 
The Microscopic approaches further developed the theoretical knowledge of the 
roots extraction process, but they involved lots of parameters which are difficult 
to be determined, and the roots distribution is complex which is hard to be 
described by single root. Therefore, these approaches are impractical for use to 
estimate the water uptake by the whole root system. 
 
2.3.5.2 Macroscopic Models 
The macroscopic approaches consider the water extraction of the whole root 
system in the root zone, and ignore the water flow to single roots. The root is 
assumed to be nonuniformly distributed in each soil layer and the root density is 
assumed to vary with the soil depth. The root water uptake rate depends on the 
soil moisture content, the salinity of pore water, plant characteristics and the 
surrounding weather conditions. The extraction of soil water by a root system is 
represented as a sink term in the soil moisture flow equation and the boundary 
conditions are specified at the soil surface and the water table. The fundamental 
flow model which is under the impact of plants is represented by: 
 
𝜕𝜃
𝜕𝑡
= ∇[𝑘(𝜃)∆𝛹] − 𝑆 (2.21) 
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where 𝜃  is volumetric moisture content, 𝑡  is the time, 𝛻  is vector differential 
operator ( 𝜕 𝜕𝑥⁄ ∙ 𝒊 + 𝜕 𝜕𝑦⁄ ∙ 𝒋 + 𝜕 𝜕𝑧⁄ ∙ 𝒌 ), 𝛹 is total head, 𝑘(𝜃)  is hydraulic 
conductivity and 𝑆 is a sink term (roots extraction term). 
 
Richards Equation is usually chosen to express the moisture flow in unsaturated 
soil. The development of soil water uptake model is to develop and improve the 
sink term 𝑆. There are many water uptake models that have been developed by 
researchers from different aspects. The models can be divided based on their 
dominant factors. 
 
2.3.5.2.1 Models Based on Ohm’s Law 
This kind of model is based on the principle of Ohm’s law and has been discussed 
by Cowan (1965), Hillel et al. (1976). The flow of water in a soil-roots system 
can be seen as electric current which is driven by the potential difference. The soil 
water flow is driven by the difference of water potential (∆𝛹), and it resists by 
soils (𝑟𝑠) and root tissue (𝑟𝑟). Water flows from higher potential to lower potential. 
Water potential is reduced by the loss of water inside the roots, water is taken up 
principally by transpiration; in the soil, water is absorbed by roots. Though this 
kind of model can clearly describe the mechanism of water uptake process, some 
parameters are hardly determined. The water potential of roots is dominated by 
root pressure and transpiration speed. The resistance of roots tissue is dependent 
on physiological characteristics of roots and the resistance of soil varies with the 
changing of soil moisture content and other soil properties. 
 
2.3.5.2.2 Models Based on Hydrodynamic Principle 
Based on his single root model, Gardner (1964) proposed a plant water uptake 
model which considers the factors of water physical parameters and root density. 
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The Gardner’s model for the first time introduced the concept of macroscopic 
model: 
 
𝑆(𝑧, 𝑡) = 𝐵(𝛹𝑟 −𝛹𝑚 − 𝑧)𝑘(𝜃)𝐿(𝑧, 𝑡) (2.22) 
 
where 𝐵  is a constant and, 𝛹𝑟  is water potential in plant roots, 𝛹𝑚  is water 
potential of soil matric, 𝑧 is depth from soil surface, 𝐿(𝑧, 𝑡) is root density (root 
length per unit volume of soil) and 𝑘(𝜃) is hydraulic conductivity. 
 
Whisler et al. (1968) then proposed a similar model that considers the root density 
as a function of soil depth: 
 
𝑆 = 𝐿(𝑧)𝑘(𝜃)(ℎ𝑝 − ℎ𝑠) (2.23) 
 
where 𝐿(𝑧, 𝑡)  is root density (as a function of soil depth), 𝑘(𝜃)  is hydraulic 
conductivity, ℎ𝑝 is water potential in plant roots and ℎ𝑠 is water potential of soil. 
 
These water uptake models consider the soil water uptake rate is related to the 
total length of roots in unit volume of soil and water absorption rate of roots. 
These considerations generally agree with the physiological and physical 
processes of plant water uptake. However, these models contain some factors 
such as root density and roots water potential which is hard to determine, and 
therefore not practical. 
 
2.3.5.2.3 Models Consider Plant Transpiration and Root Density 
Roots water potential is mainly reduced by transpiration, and measuring 
transpiration is much easier when compared to measuring the root water potential. 
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Therefore, the models considering plant transpiration and root density are more 
practical. The total transpiration can be assumed to be equal to total water 
absorbed by roots. These models, on the basis of some weighting factors, assign 
the total transpiration along the soil profile. The weighting factors including some 
or all of the following factors: soil depth, soil moisture content, soil water 
potential, hydraulic conductivity, soil water diffusivity and root density function. 
These models can be divided into three types which are linear, non-linear and 
exponential models. 
 
Molz and Remson (1970) proposed a linear model assuming that root water 
absorption rate decreases along soil profile and following a proportion of 4:3:2:1. 
They also proposed a concept of effective root length 𝐿𝑒(𝑧, 𝑡) to describe the root 
density. In Molz and Remson’s model, the water absorption rate of roots 𝑆(𝑧, 𝑡) 
was proportional to the product of transpiration rate 𝑇(𝑡), effective root length 
𝐿𝑒(𝑧, 𝑡) and soil water diffusivity rate 𝐷(𝜃). 
 
𝑆(𝑧, 𝑡) =
𝑇(𝑡) ∙ 𝐿𝑒(𝑧, 𝑡) ∙ 𝐷(𝜃)
∫ 𝐿𝑒(𝑧, 𝑡)𝐷(𝜃)𝑑𝑧
𝑧𝑟
0
 (2.24) 
 
This model has the ability to predict the short-term change of soil moisture 
content. However, the effective root length 𝐿𝑒(𝑧, 𝑡) and actual root density 𝐿(𝑧, 𝑡) 
can only relate well when soil moisture content is low, which is the limitation of 
using this model. 
 
Feddes et al. (1976) proposed an empirical linear model in which the absorption 
rate is only related to transpiration rate and soil depth: 
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𝑆 =
𝑇
𝑧𝑟
 (2.25) 
 
where 𝑇 is transpiration rate per unit area of soil and 𝑧𝑟 is depth of root zone. 
 
The absorption rate in this model is a constant and no changing along the depth of 
root zone. Furthermore, this model is not satisfied in upper and lower boundaries. 
 
Based on Feddes’ model, Prasad (1988) proposed a linear model: 
 
𝑆 =
−𝑇
𝑧𝑟2
+
2𝑇
𝑧𝑟
 (2.26) 
 
where 𝑇 is transpiration rate per unit area of soil, 𝑧𝑟 is depth of root zone and 𝑧 is 
the depth in soil. Verified with field data, this model performs satisfactorily 
except which in upper and lower boundaries. 
 
Raats (1975) firstly proposed an exponential model which considers the root 
density in the depth direction of soil that is exponentially distributed. Due to the 
roots density change while the plant grows, it is hard to determine the root density 
in their different growth stages. However, the relation between root density and 
soil depth can be seen as an exponential relationship, as expressed by: 
 
𝑆 = 𝑇𝛿−1 exp (
−𝑧
𝛿
) (2.27) 
 
where 𝛿 is a parameter. 
 
Molz (1981) proposed a complex non-linear model which considered a number of 
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factors including root density, soil moisture content and transpiration rate, and 
also considered the difference between soil water potential and root water 
potential as the weighting factor. 
 
𝑆(𝑧, 𝑡) =
𝑇(𝑡)𝜃(𝑧, 𝑡)𝐿(𝑧, 𝑡)[𝛹𝑚(𝑧, 𝑡) − 𝛹𝑥(𝑡)]
∫ 𝜃(𝑧, 𝑡)𝐿(𝑧, 𝑡)[𝛹𝑚(𝑧, 𝑡) − 𝛹𝑥(𝑡)
𝑧𝑟
0
]𝑑𝑧
 (2.28) 
 
where 𝛹𝑚(𝑧, 𝑡) is water potential of soil matrix and 𝛹𝑥(𝑡) is water potential in 
plant roots. The water potential in plant roots is hard to determine and this model 
does not consider the resistant of roots and soils. 
 
Ojha and Rai (1996) improved Feddes’ and Prasad’s models and proposed a non-
linear model as below: 
 
S =
𝑇
𝑧𝑟
(𝛽 + 1) (1 −
𝑧
𝑧𝑟
)
𝛽
     0 ≤ 𝑧 ≤ 𝑧𝑟 (2.29) 
 
where 𝑇 is transpiration rate per unit area of soil, 𝑧𝑟 is depth of root zone, 𝑧 is 
depth in soil and 𝛽 is a parameter. When 𝛽 = 0 this model is Feddes’ model, and 
when 𝛽 = 1  this model is Prassad’s model. This model considers boundary 
conditions which are: when 𝑧 = 0, 𝑆 = 𝑆𝑚𝑎𝑥 and when 𝑧 = 𝑧𝑟, 𝑆 = 0. 
 
Hoogland et al. (1981) proposed a model on the basis of Gardner and Whisler’s 
theory: 
 
𝑆 =
−𝑘(𝜃)[ℎ𝑟(𝑧) − ℎ𝑚(𝑧)]
𝑏(𝑧)
 (2.30) 
 
where ℎ𝑟(𝑧)  is water pressure head on the contact surfaces of soil and root, 
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ℎ𝑚(𝑧) is water pressure head of soil matrix, 𝑏(𝑧) is empirical function of water 
flow characteristics and 𝑘(𝜃) is hydraulic conductivity. 
 
Feddes, Kowalik et al. (1976) found that the water absorption rate of roots varies 
with soil moisture content which can be expressed by a segmentation function. 
The relations between absorption rate and soil moisture content is given as: 
 
{
 
 
 
 
S = 0,                                  0 ≤ θ ≤ 𝜃𝑊
S = 𝑆𝑚𝑎𝑥 [
𝜃 − 𝜃𝑊
𝜃𝐿 − 𝜃𝑊
],     𝜃𝑊 < 𝜃 ≤ 𝜃𝐿
S = 𝑆𝑚𝑎𝑥,                           𝜃𝐿 < 𝜃 ≤ 𝜃𝐻
S = 0,                                  𝜃𝐻 < 𝜃 ≤ 𝜃𝑆
 (2.31) 
 
where 𝜃𝑊  is wilting point of plant, 𝜃𝐿  is the low moisture content when 𝑆 =
𝑆𝑚𝑎𝑥 , 𝜃𝐻  is the high moisture content when 𝑆 = 𝑆𝑚𝑎𝑥 , 𝜃𝑆  is saturated water 
content and 𝑆𝑚𝑎𝑥 is root maximum water absorption rate. 
 
2.3.5.2.4 Water Stress and Salinity Stress 
When plants subjected to water stress (lack of water) and salinity stress (high 
salinity water), their actual transpiration (𝑇𝑎 ) rate will be less than potential 
transpiration rate (𝑇𝑝), and their absorption rate (𝑆) will be less than the potential 
absorption rate (𝑆𝑝(𝑧)). The actual root water extraction rate under water stress 
can be expressed as: 
 
𝑆(ℎ) = 𝛼𝑟𝑤𝑆𝑝(𝑧) (2.32) 
 
where 𝛼𝑟𝑤  is the reduction factor due to water stress. The actual root water 
extraction rate under salinity stress can be expressed as: 
 
39 
 
𝑆(ℎ𝑜) = 𝛼𝑟𝑠𝑆𝑝(𝑧) (2.33) 
 
where 𝛼𝑟𝑠 is the reduction factor due to salinity stress. When plants subjected to 
both water and salinity stress 𝑎(ℎ, ℎ𝑜) becomes: 
 
𝑆(ℎ, ℎ𝑜) = 𝑎(ℎ, ℎ𝑜)𝑆𝑝(𝑧) (2.34) 
 
Van Genuchten and Hoffman (1984) suggested the actual root water extraction 
rate can be calculated as: 
 
𝑆(ℎ, ℎ𝑜) = 𝛼𝑟𝑤𝛼𝑟𝑠𝑆𝑝(𝑧) (2.35) 
 
where 𝛼𝑟𝑤 is a water stress reduction factor and 𝛼𝑟𝑠 is the reduction factor due to 
salinity stress. 
 
Feddes, Kowalik et al. (1976) proposed a linear model for 𝛼𝑟𝑤, 
 
𝛼𝑟𝑤(ℎ) =
{
 
 
 
 
 
 
0                 ℎ ≥ ℎ1 
ℎ − ℎ1
ℎ1 − ℎ2
    ℎ1 > ℎ ≥ ℎ2
             1         ℎ2 > ℎ ≥ ℎ3(𝑇𝑝)
ℎ − ℎ4
ℎ3(𝑇𝑝) − ℎ4
   ℎ3(𝑇𝑝) > ℎ ≥ ℎ4
0             ℎ4 > ℎ
 (2.36) 
 
where ℎ1, ℎ2, ℎ3 𝑎𝑛𝑑 ℎ4 are soil water pressure heads at different soil moisture 
contents. ℎ1 is the soil water pressure head when soil moisture content at air-entry 
value, ℎ4 is the pressure head when soil moisture content at wilting point, [ℎ2, ℎ3] 
is pressure head interval where transpiration rate is potential transpiration rate 
( 𝑇𝑝 ) and ℎ3  is related with transpiration rate 𝑇𝑝 . ℎ1, ℎ2, ℎ3 𝑎𝑛𝑑 ℎ4  can be 
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determined by experiment. 
 
Van Genuchten and Hoffman (1984) proposed an s-shape non-linear model of 
𝛼𝑟𝑤(ℎ) given by: 
 
𝛼𝑟𝑤(ℎ) =
1
1 + (
ℎ
ℎ50
)
𝑝 (2.37) 
 
where ℎ50  is soil water pressure head when 𝛼𝑟𝑤(ℎ) = 0.5  and 𝑝  is empirical 
parameter, for most plants 𝑝 = 3. 
 
Maas and Hoffman (1977) proposed a linear model for salinity stress reduction 
factor 𝛼𝑟𝑠(ℎ𝑜), 
 
𝛼𝑟𝑠(ℎ𝑜) =
{
 
 
         1              0 ≥ ℎ𝑜 ≥ ℎ𝑜𝑡
1 −
ℎ𝑜𝑡 − ℎ𝑜
ℎ𝑜𝑡 − ℎ𝑜0
   ℎ𝑜𝑡 > ℎ𝑜 ≥ ℎ𝑜0
  0               ℎ𝑜0 > ℎ𝑜
 (2.38) 
 
where ℎ𝑜𝑡  is osmotic pressure head when 𝑆 = 𝑆𝑝  and ℎ𝑜0  is osmotic pressure 
head when 𝑆 = 0. 
 
Van Genuchten and Hoffman (1984) proposed an s-shape non-linear model of 
𝛼𝑟𝑠(ℎ𝑜) as: 
 
𝛼𝑟𝑠(ℎ𝑜) =
1
1 + (
ℎ𝑜
ℎ𝑜50
)
𝑝 (2.39) 
 
where ℎ𝑜50  is osmotic pressure head when 𝛼𝑟𝑠(ℎ𝑜) = 0.5  and 𝑝  is empirical 
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parameter. 
 
2.3.5.2.5 Root Distribution Models 
The root distribution is usually expressed as effective root length varying with 
soil depth. Prasad (1988) proposed a standard linear root distribution model 
which is assumed the water extraction rate is equal to zero at the max rooting 
depth: 
 
𝛽(𝑧) =
2
𝑧𝑚𝑎𝑥
(1 −
𝑧
𝑧𝑚𝑎𝑥
) (2.40) 
 
where 𝑧𝑚𝑎𝑥 is the maximum rooting depth. 
 
Vrugt et al. (2001) suggested a one-dimensional exponential root distribution 
model given by: 
 
𝛽(𝑧) = [1 −
𝑧
𝑧𝑚𝑎𝑥
] 𝑒
−
𝑃𝑧
𝑧𝑚𝑎𝑥
|𝑧∗−𝑧|
   (𝑧 ≥ 0) (2.41) 
 
where 𝑧𝑚𝑎𝑥  is the maximum rooting depth and 𝑃𝑧  and 𝑧
∗  are the empirical 
parameters. A list of empirical parameters and the corresponding one-dimensional 
root density distribution of a maximum root depth of 1 m are shown in Table 2.6 and 
Figure 2.2. 
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Table 2.6: Empirical parameters in one dimensional root density model (Vrugt, 
2001) 
Figrue 𝑧∗ 𝑃𝑧 Figrue 𝑧
∗ 𝑃𝑧 
Figure 2.2(A) 0.00 - Figure 2.2(D) 0.20 10.00 
Figure 2.2(B) 1.00 0.01 Figure 2.2(A) 1.00 1.00 
Figure 2.2(C) 0.20 1.00 Figure 2.2(B) 1.00 2.00 
 
 
 
Figure 2.2: One dimensional root density distribution corresponding with Table 
2.6 (Vrugt, 2001) 
 
This model had generally been recognized for its comprehensive considerations. 
The one-dimensional model can only be used to simulate the root distribution in 
open field or group of plants. Vrugt, Wijk et al. (2001) proposed a two-
dimensional exponential root distribution model which can be used to simulate 
the root distribution of single tree expressed by the following, 
 
𝛽(𝑟, 𝑧) = [1 −
𝑧
𝑧𝑚𝑎𝑥
] [1 −
𝑟
𝑟𝑚𝑎𝑥
] 𝑒
−(
𝑝𝑧
𝑧𝑚𝑎𝑥
|𝑧∗−𝑧|+
𝑝𝑟
𝑟𝑚𝑎𝑥
|𝑟∗−𝑟|)
 (2.42) 
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where 𝑧𝑚𝑎𝑥 is the maximum rooting depth, 𝑟𝑚𝑎𝑥 is the maximum root length in 
the radial direction and 𝑃𝑧, 𝑃𝑟and 𝑧
∗, 𝑟∗empirical parameters which are included 
to account for non-symmetrical root water uptake with depth and along the radial 
direction, and also to allow for maximum root water uptake at any coordinate in 
root system. Vrugt (2001) gave a series of examples of the two-dimensional root 
density distribution and the corresponding parameters as shown in Table 2.7 and 
Figure 2.3. This equation assumes the maximum water extraction rate is close to 
the stem, however, the roots near stem are sturdy which the water absorption 
among is very low. 
 
Table 2.7: Empirical parameters in two dimensional root density model (Vrugt, 
2001) 
Figrue 𝑧𝑚 𝑟𝑚 𝑧
∗ 𝑟∗ 𝑃𝑧 𝑃𝑟 
Figure 2.3 (A) 1.00 2.00 0.00 0.00 1.00 0.00 
Figure 2.3 (B) 1.00 2.00 0.20 0.00 1.00 0.00 
Figure 2.3 (C) 1.00 2.00 0.00 1.00 4.00 1.00 
Figure 2.3 (D) 1.00 2.00 0.20 1.00 2.00 1.00 
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Figure 2.3: Two dimensional root density distribution corresponding with Table 
2.7 (Vrugt, 2001) 
 
2.4 Predictive Models 
The interaction between the tree roots-unsaturated soils and footings is very 
complex because more than one factors are involved, such as the ground 
movement, roots impact ranges and the behaviours of footings. Those actions are 
controlled by different equations, but their results can influence each other. In the 
unsaturated flow equation, the root water uptake is considered as a non-linear 
partial differential equation which is difficult to get the analytical solution, 
therefore, numerical analysis is necessary. There are three numerical methods 
which are the finite difference method (FDM), the finite element method (FEM) 
and finite volume method (FVM) that can be adopted for the analysis. 
 
FDM is a classical numerical method which approximates the differential 
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equation into the algebraic equation. The solving process of FDM is to mesh the 
continuous solving domain into finite segments or rectangular sections and nodes, 
and replace the derivatives of the partial differential equation by the difference 
quotients on the nodes, then deduced the difference equation set. The theory of 
FDM is intuitive, and the calculation process is simple; however, the mesh is hard 
to generate for an irregular region. 
 
FEM is based on the variational principle and weighted residual approach to solve 
the partial differential equation. The solving process of FEM is to mesh the region 
into finite sections and nodes. The mesh could be triangles, quadrilateral or 
polygons. In each mesh section, nodes are chosen to construct interpolation 
function and based on the extreme value theorem to solve the partial differential 
equation. FEM has broad applicability and can be used to process complicated 
geometrical region or complex geometry models. However, FEM needs a huge 
amount of calculation, therefore it need longer calculation time and required a 
better computer performance. However, the rapid growth of computer 
performance and the widely applicability lead to FEM became the most popular 
methods to use in commercial software packages. 
 
FVM is a relatively new method and quick method to solve the partial differential 
equations. FVM, like FDM and FEM, is a kind of discretization method. The 
solving process of FVM is to mesh the solving region and control the unique 
small volumes surrounding each node, then use the partial differential equation 
integrate on each volume to get a set of discrete equations. The advantage of 
FVM is easy processing to unstructured meshes and has high computational 
efficiency. Currently, it is more often used in computational fluid dynamics area.  
 
In a root-soil-footing interaction model, the continuum consists of solid 
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(footings), fluid (precipitation, soil moisture) and porous material (soil). 
Considering the complex geometries of the prediction model and the interaction 
between different materials, most researchers choose FEM to predict the 
deformation and water flow in the soil. Fredlund and Hung (2001) developed a 
flow equation considering a one-dimensional root water uptake model. This root 
water uptake model has maximum water uptake rate at the soil surface and 
decreasing along the depth to zero at maximum root depth. The flow equation and 
the coupled soil deformation equation can be solved by using PDEase2D 
software. They were the first to simulate the soil deformation under the impact of 
root water uptake. However, they did not consider the realistic density 
distribution of root, water uptake rate just simply changes with depth. Another 
inadequacy is that they assumed root water uptake rate is time independent.  
 
Vrugt et al. (2001) developed a three-dimensional flow equation considering a 
three-dimensional root water uptake model. This three-dimensional model was 
based on a one-dimensional model by Raats and Gardner (1974). The flow 
equation is solved by HYDRUS-3D code to simulate the change of water content 
near an almond tree which was irrigated for 16 days. The inadequacy is that the 
boundary conditions of this model was very simple, and they did not consider the 
meteorological impact. 
 
Based on the model proposed by Skaggs et al. (2006), Šimůnek and Hopmans 
(2009) presented a two dimensional compensated root water uptake model that 
considers the spatial root distribution in depth and radial direction, and also 
considers that the roots develop with time. The distribution of root water uptake is 
dependent on the root density distribution in the root zone. The flow equation 
including root water uptake model is solved in HYDRUS code (Šimůnek et al., 
2006, 2008, 2008) using the FEM in the spatial domain and the FDM in the 
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temporal domain. A few examples have been given to introduce how the model 
parameters allow for a large number of modelling. They conclude that the 
knowledge of spatial root distribution is important when root water uptake is 
considered to be uncompensated, but the spatial root distribution has less effect 
on the compensated root water uptake.  
 
Hemmati and Gatmiri (2008) applied a two-dimensional root water uptake model 
which was proposed by Indraratna et al. (2006) to a flow equation and solved the 
model by a finite element code 𝜃-stock. Nyambayo and Potts (2010) developed a 
non-linear two-dimensional root water uptake model based on the linear model by 
Prasad (1988). This model considered the meteorological data and was simulated 
by a finite element program ICFEP. They found that the desiccation profile was 
dependent on the maximum root depth and radius, and size of desiccation zone 
was smaller in winter. 
 
2.5 Summary 
The structure damaged by trees has been known to occur as tree roots absorb 
water from the soil near or under a building, causing soil shrinkage settlement. 
The reduction of moisture content which is caused by tree root absorption can 
increase soil suction. According to effective stress theory of unsaturated soil, the 
increment of suction makes the effective stress rise. Meanwhile, considering the 
swell and shrinkage feature of the expansive soils when moisture content change, 
ground movement can be worked out by the collective effect. In the Australia 
Standards (AS2870-2011, 2001), the influence distance of a single tree is taken as 
the mature height of the tree. This suggestion is based on the limited studies, 
which does not consider the tree growth, tree species and the soil properties. The 
empirical equation suggested by AS2870-2001 (2011) to calculate ground 
movement does not take the suction and effective stress into account. 
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Transpiration of tree can be affected by many meteorological factors, such as air 
temperature, wind speed, relative humidity, air pressure, solar radiation and 
precipitation among others. The root water uptake models can be divided into two 
approaches: microscopic approach and macroscopic approach. Because the 
architecture of tree root is extremely complex, irregularity, hard to be detected 
and unpredictable, the microscopic approach is not appropriate to predict the 
water movement in the unsaturated soil under the impact of a tree. The 
macroscopic approach considers the integrated properties of the entire root zone, 
and hence has a better applicability. Most models assume the distribution of 
suction in root zone is related to the distribution of root length density in the root 
zone. However, the water can only be absorbed at the surface of the roots. The 
roots near stem are sturdy, which means they occupy large volume in root zone, 
but have less water uptake rate. Furthermore, the measurement of root length 
density is costly, imprecise and labour-intensive. At present, there is no better 
way except to estimate the root length distribution in the root zone. 
 
Most root water uptake models consider the uptake rate is a function of maximum 
uptake rate, but the way to determine the maximum rate is a problem. Most 
existing numerical models use two-dimensional coupled flow and deformation 
equation, and ignore the impact of footings. Three-dimensional models can help 
us to get a better understanding of the impact of tree on the soil suction profiles 
and the performance of concrete slab footings. Furthermore, most numerical 
simulations do not take the meteorological factors into consideration. 
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Chapter 3  
Theory and the Numerical Model  
3.1 Introduction 
Trees can damage lightly loaded structure or pavements indirectly through the 
desiccation of the foundation soil and causing ground settlement, especially when 
the foundation soil is expansive clay. Expansive or reactive soil is a type of clay 
that experiences significant volume change in response to changes in soil 
moisture content. The increasing of moisture content in expansive soil can cause 
the volumetric swelling which presents as vertical heaves of expansive soil; while 
decreasing moisture content leads to expansive soil shrink and cracked. The 
shrinkage and swelling of expansive soil can cause structural damage, especially 
to lightweight structures such as roads, pavements and residential buildings. The 
ground movement can be exacerbated by tree root water absorption effect.  
 
The water uptake of trees mainly is a passive process. The evaporation of water 
from the stomata on leaves produces a negative potential in the stomata. The 
negative potential creates a pulling force (suction) which drives water from the 
soil all the way up to the leaves via the roots, stems, branches and twigs. During 
the dry season, when evaporation rates are high, the tree roots must grow more 
deeply down to obtain more water. This can cause wider and greater ground 
movements in the dry season than would be expected without the presence of 
trees. Lots of native tree species in Australia can absorb a large amount of water 
such as eucalyptus and paperbark. In Australia, distortions of pavements and 
dwellings caused by trees are widely reported, particularly in areas of expansive 
soil (Li and Guo, 2016). 
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The mechanisms of the interaction between trees, unsaturated soils and footings 
are very complex, because the water absorbed by tree roots relates to the 
hydrological problems and the ground movement relates to the mechanical 
problems. SWCC, the relationship between soil moisture content and soil suction, 
connects the hydrological and mechanical problems. There are many factors can 
influence the ground movement caused by tree root absorption, such as soil 
properties, root density distribution, soil moisture content, soil salinity and root 
water uptake rate. Moreover, those factors can influence each other, for instance, 
root water uptake reduces the soil moisture content and increase the soil suction; 
however, soil suction will inhibit the root water uptake rate. 
 
Root water uptake rate is the origin variable of the whole interaction process. To 
analyse the effects of tree roots on unsaturated soils, a root water uptake model is 
required. The numerical modelling of root-water uptake can generally be 
classified into two approaches: microscopic approach and macroscopic approach. 
The microscopic approach considers the water absorbed by single roots in the 
root zone and assume each root is a cylinder. Therefore, it requires detailed 
information on the geometry of the root system, which is practically impossible to 
measure or predict (Li and Guo, 2016). It is also hard to predict the development 
of every single root. The macroscopic approach considers the roots and the 
surrounding soils as an integrated root zone. For the macroscopic approach, the 
model of roots length density distribution in the root zone is necessary. The roots 
length density distribution can be easily expressed by a mathematical equation, 
and easier to predict its future development.  
 
This chapter presents the concept and theory for solving climate-tree root-
unsaturated soil interaction problem. A macroscopic approach root water uptake 
model which considers climate conditions and root length density distribution is 
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proposed. The governing equations for water flow in the unsaturated soil under 
the influence of root water uptake are presented and discussed as well. 
 
3.2 Hydrological Features in Unsaturated Soil 
In unsaturated soil, moisture content or suction changes in response to changes in 
climate or season. The moisture content can be calculated by water balance 
methods, which is based on the principle of mass conservation. To calculate the 
moisture content by using water balance methods at a certain point in time, the 
initial moisture content and all the water flow into or out of the soil body is 
needed. A soil body is a soil block with specified boundaries. The water balance 
method can be expressed as: 
 
𝑊 = 𝑊0 + ∆𝑊 (3.1) 
 
where 𝑊 is amount of water in the soil body at a time, 𝑊0 is the initial amount of 
water in the soil system and ∆𝑊 is the net amount of water variation from the 
initial to the time, and ∆𝑊 is equal to the difference between amount of water 
flow into the soil and the amount of water flow out of the soil. 
 
The water balance methods require calculating all the water exchange at the soil 
boundaries. Water infiltration includes precipitation, irrigation, groundwater 
capillary rise and any other water that could be added into the soil system. Water 
losses comprise evaporation, transpiration, penetration and any other water flows 
out of the soil system. In root zone, the water uptake by tree transpiration effect is 
the main sink term in the water balance equation. The following equation is an 
example which represents the change of water (∆𝑊) in a soil system under tree 
root absorption effect (Blight, 2009): 
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𝛴𝑅 − 𝛴𝑅𝑂 + 𝑆 − 𝛴𝐸𝑇 = 𝛴𝑅𝐸 + 𝑙𝑜𝑠𝑠𝑒𝑠 (3.2) 
 
where 𝑅  is the rainfall, 𝑅𝑂  is the runoff, 𝑅 − 𝑅𝑂  is the infiltration, 𝑆  is water 
stored in the soil system, 𝐸𝑇 is the evapotranspiration at soil surface, 𝑅𝐸 is the 
recharge to the water table and 𝑙𝑜𝑠𝑠𝑒𝑠 is the errors in the measurement 
 
Each term in the equation of ∆𝑊 is varying with time. To work out the moisture 
content in the soil system at a certain point in time, there are two ways can be 
adopted: the measurement method and the estimated method. The real-time 
measurement of all factors is very difficult. Although most factors can be 
measured, the water evaporation and transpiration of grass are hard to be 
measured. However, in the soil system, the only variable is the amount of water. 
Therefore, the change of the amount of water in the soil system can be directly 
measured by the lysimeter. 
 
When using the lysimeter, the whole soil system is placed in a container which 
can measure the volume of water losses from the soil system and the total weight 
change of the soil system. The container needs to bury to the field and keep the 
surface of soil system at the same level as the ground surface. During the 
measurement, it is required no soil loss from the container. The lysimeter 
measurement is not practical and usually used for research purpose due to its 
highly cost and the requirement of specified experimental field; but it is the most 
accurate method to measure the evapotranspiration from grass surface. 
 
In practice research, estimation methods are usually applied to calculate the soil 
moisture content, because it is easy to use, quickly output and has acceptable 
accuracy. The parameters of the water balance method are mainly influenced by 
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rainfall and evapotranspiration. However, evapotranspiration is very hard to be 
accurately measured. Therefore, the evapotranspiration is usually calculated by 
the use of empirical equations which are based on the data from a field 
measurement. The most widely accepted method to estimate the 
evapotranspiration is the FAO method (Allen et al., 1998) which will be 
introduced in next section. 
 
3.3 Measurements and Calculations of Evapotranspiration  
In the calculation of water balances and simulations of water uptake models, the 
estimation of evapotranspiration is a crucial part (Pereira et al., 2002). Food and 
Agriculture Organization of the United Nations (FAO) formulated a set of 
standard methods of calculating evapotranspiration (FAO, 1998). 
 
In general, the rate of evapotranspiration of a particular vegetation-covered area is 
determined by three factors which are weather parameters, crop factors and 
management and environmental conditions. The sun radiation, air temperature, 
humidity and wind speed are the principal weather parameters which are the 
driving forces of evapotranspiration. The crop factors (𝐾𝑐) describe the difference 
between the specific plants and the reference plants. The plants growing under the 
non-standard conditions such as the difference of water supply, difference of soil 
salinity, difference of application of fertilizers and different soil types will cause 
the difference of evapotranspiration rate. Several factors (𝐾𝑠  etc.) are used to 
adjust the evapotranspiration rate under the non-standard conditions. Therefore, 
the FAO standard method for calculating the evapotranspiration of specific 
vegetation surface can be summarized into three steps. The first step is to 
calculate the reference crop evapotranspiration ( 𝐸𝑇0 ), which is the 
evapotranspiration rate of a reference surface under the specific weather 
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conditions. The second step is to determine the crop evapotranspiration under 
standard conditions (𝐸𝑇𝑐 ) by multiplying 𝐸𝑇0  by the crop factor (𝐾𝑐 ) of the 
specific plants. The last step is adjusting the standard evapotranspiration ( 𝐸𝑇𝑐) 
into the actual evapotranspiration (𝐸𝑇𝑐 𝑎𝑑𝑗) when the plants grown under the non-
standard conditions. 
 
3.3.1 Reference Crop Evapotranspiration 𝑬𝑻𝟎 
In May 1990, the experts and researchers from the Food and Agriculture 
Organization of the United Nations (FAO), International Commission for 
Irrigation and Drainage and the World Meteorological Organization organized a 
consultation to assess numerous methods of estimating the reference 
evapotranspiration. The Penman-Monteith combination method was 
recommended the adoption as the standard for reference evapotranspiration for it 
could offer the best results with the minimum possible error. FAO based on the 
Penman-Monteith method drew up a set of standard procedures to calculate the 
reference evapotranspiration and its various parameters. The standard method was 
named as FAO Penman-Monteith method.  
 
A reference surface is introduced to allow 𝐸𝑇0  can only describe the weather 
conditions. The reference surface is very similar to the extensive green grass 
surface which the grass has a sufficient density which completely shading the 
soil, uniform height and no water shortage occurs etc. The FAO (1998) define the 
reference surface as "A hypothetical reference crop with an assumed crop height 
of 0.12 m, a fixed surface resistance of 70 s 𝑚−1 and an albedo of 0.23".  
 
The reference crop evapotranspiration, 𝐸𝑇0, is a climatic parameter for all the 
inputs are meteorological data. The FAO Penman-Monteith method for estimating 
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𝐸𝑇0 can be expressed as: 
 
𝐸𝑇0 =
0.408∆(𝑅𝑛 − 𝐺) + 𝛾
900
𝑇 + 273 𝑢2(𝑒𝑠 − 𝑒𝑎)
∆ + 𝛾(1 + 0.34𝑢2)
 (3.3) 
 
where 𝐸𝑇0 is reference evapotranspiration ( mm day
−1), 𝑅𝑛 is the net radiation at 
the crop surface (MJ m−2 day−1), 𝐺 is soil heat flux density (MJ m−2 day−1), 𝑇 
is mean daily air temperature at 2 m height (℃), 𝑢2 is wind speed at 2 m height 
(m s−1 ), 𝑒𝑠  is saturation vapour pressure (kPa), 𝑒𝑎  is actual vapour pressure 
(kPa), 𝑒𝑠 − 𝑒𝑎  is saturation vapour pressure deficit (kPa), ∆  is slope vapour 
pressure curve (kPa ℃−1) and γ is psychrometric constant (kPa ℃−1). The FAO 
Penman-Monteith equation requires the meteorological data of air temperature, 
solar radiation, humidity and wind speed which can be recorded by standard 
weather recording instruments. All the data should be recorded at 2 m above the 
reference surface or converted to this height. 
 
3.3.2 Meteorological Data - Measurement and Calculation 
3.3.2.1 Solar Radiation 
Solar radiation provides the largest source of energy to heat the leaves and speed 
up the vaporization of water from stomata. The average daily net solar radiation is 
required for FAO Penman-Monteith equation, and the measurement of solar 
radiation can be taken by net radiometers. Solar radiation data is necessary for 
estimating water uptake by energy balance method. 
 
3.3.2.2 Air Temperature 
Air temperature data is easy to be measured and lots of instrument can be used to 
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measure the air temperature. However, the FAO Penman-Monteith equation 
requires only the maximum and minimum air temperature data as input. 
Therefore, the maximum thermometer and minimum thermometer are used to 
measure the maximum and minimum air temperatures respectively. When 
measuring the air temperature, the instrument should avoid exposure to solar 
radiation. The mean daily air temperature is calculating as: 
 
𝑇𝑚𝑒𝑎𝑛 =
𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛
2
 (3.4) 
 
Maximum and minimum air temperatures are the minimum data required for 
calculating evapotranspiration by FAO Penman-Monteith equation, for the solar 
radiation data can be derived from the difference of air temperature, and humidity 
can be derived from the minimum air temperature. Furthermore, wind speed and 
humidity data from a nearby weather station are also can be adopted for 
calculation. 
 
3.3.2.3 Wind Speed 
The flow of air can reduce the air pressure, and higher wind speed creates a lower 
pressure of air. The evaporation rate of water is higher in the situation of lower air 
pressure (lower potential energy). The evaporation of water will result in the 
increasing of local air pressure, and local vapour pressure of air will increase 
correspondingly. The flow of the air can remove the excess vapour of local area 
and keep the humidity stay the same with the surrounding environment. Wind 
speed can be measured by anemometer at 2 m above the ground. The average 
daily wind speed data is needed in the 𝐸𝑇0 calculation. Wind speed is varying 
with the heights in the same location. Therefore, if the data is recorded at any 
height other than 2 m, it needs to be converted by the following equation: 
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𝑢2 = 𝑢𝑧
4.87
𝑙𝑛(67.8𝑧 − 5.42)
 (3.5) 
 
where 𝑢2  is wind speed at 2 m above ground surface (𝑚𝑠
−1), 𝑢𝑧  is measured 
wind speed at 𝑧  ( 𝑚 ) above ground surface ( 𝑚𝑠−1 ) and 𝑧  is height of 
measurement above ground surface (𝑚). 
 
3.3.2.4 Air Humidity 
Liquid water can evaporate into water vapour when the difference of potential 
energy between evapotranspiration surface and the surrounding air occurs. The 
larger potential energy difference creates higher evaporation rate. Humidity is the 
vapour content of the air. The higher humidity results in higher vapour pressure 
and leads to lower potential energy difference. FAO Penman-Monteith equation 
requires the saturation vapour pressure (𝑒𝑠) and the actual vapour pressure (𝑒𝑎); 
however, both data are hard to be measured. A hygrometer can only measure the 
relative humidity (RH) which expresses the precent of saturation humidity: 
 
𝑅𝐻 =
𝑒𝑎
𝑒𝑠(𝑇)
100% (3.6) 
 
Saturation humidity or saturation vapour pressure (𝑒𝑠) is related to air temperature 
and the expression is: 
 
𝑒𝑠(𝑇) = 0.6108𝑒𝑥𝑝 (
17.27𝑇
𝑇 + 237.3
) (3.7) 
 
where 𝑒𝑠(𝑇) is saturation vapour pressure at the air temperature 𝑇 (kPa) and 𝑇 air 
temperature (℃). 
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3.3.2.5 Psychrometric constant 
Psychrometric constant is the ratio of specific heat (𝐶𝑝) of moist air at constant 
pressure, to latent heat (𝜆) of vaporization of water (Campbell and Norman, 
2012). The expression of the psychrometric constant is: 
 
𝛾 =
𝐶𝑝𝑃
𝜀𝜆
= 0.665 × 10−3𝑃 (3.8) 
 
where 𝛾 is psychrometric constant (kPa ℃−1), 𝑃 is atmospheric pressure (kPa), 𝜆 
is latent heat of vaporization, 2.45 (MJ 𝑘𝑔−1), 𝐶𝑝  is specific heat at constant 
pressure, 1.013 × 10−3 (MJ 𝑘𝑔−1 ℃−1) and 𝜀 is ratio molecular weight of water 
vapour/dry air = 0.622. 
 
3.3.2.6 Slope of Saturation Vapour Pressure Curve 
Saturation vapour pressure is the function of temperature. The slope of saturation 
vapour pressure-temperature curve is required by FAO Penman-Monteith 
equation. 
 
∆=
4098 [0.6108𝑒𝑥𝑝 (
17.27𝑇
𝑇 + 237.3)]
(𝑇 + 237.3)2
 (3.9) 
 
where ∆ is the slope of saturation vapour pressure curve at air temperature 𝑇 
(𝑘𝑃𝑎 ℃−1) and 𝑇 is air temperature (℃). 
 
3.3.2.7 Soil Heat Flux 
The ground or soil absorbs the energy of solar radiation and releases the heat to 
the air. The soil heat flux can be calculated as: 
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𝐺 = 𝐶𝑠
𝑇𝑖 − 𝑇𝑖−1
∆𝑡
∆𝑧 (3.10) 
 
where 𝐺  is soil heat flux (MJ 𝑚−2 𝑑𝑎𝑦−1 ), 𝐶𝑠  is soil heat capacity 
(MJ 𝑚−3 ℃−1), 𝑇𝑖 is the air temperature at time i (℃), 𝑇𝑖−1 is the air temperature 
at time i-1 (℃), ∆t is the length of time interval (day) and ∆z is effective soil 
depth (m). The effective soil depth, ∆z, is related to the length of time interval and 
the soil heat capacity, 𝐶𝑠, is related to its mineral composition and water content. 
Compared with the solar radiation, the soil heat flux can be ignored. 
 
3.3.2.8 Missing Climatic Data and Alternative Equation for 𝑬𝑻𝟎 
When the relative humidity data cannot be measured, we can derive the actual 
vapour pressure by minimum daily temperature: 
 
𝑒𝑎 = 0.611𝑒𝑥𝑝 (
17.27𝑇𝑚𝑖𝑛
𝑇𝑚𝑖𝑛 + 237.3
) (3.11) 
 
Furthermore, the missing solar radiation data can be derived from air temperature 
differences by Hargreaves' radiation equation (Cuenca and Nicholson, 1982): 
 
𝑅𝑠 = 𝑘𝑅𝑠√(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)𝑅𝑎 (3.12) 
 
where 𝑅𝑎  is extraterrestrial radiation (MJ 𝑚
−2  𝑑𝑎𝑦−1 ), 𝑇𝑚𝑎𝑥  is maximum air 
temperature (℃), 𝑇𝑚𝑖𝑛  is minimum air temperature (℃) and 𝑘𝑅𝑠  is adjustment 
coefficient (0.16 - 0.19) (℃−0.5). Which for “interior” locations 𝑘𝑅𝑠 ≅ 0.16; for 
“coastal” location, 𝑘𝑅𝑠 ≅ 0.19. 
 
When the solar radiation data, relative humidity data and wind speed data are 
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missing, the 𝐸𝑇0  can be calculated by using the Hargreaves 𝐸𝑇0  equation 
(Hargreaves et al., 1985) where: 
 
𝐸𝑇0 = 0.0023(𝑇𝑚𝑒𝑎𝑛 + 17.8)(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)
0.5𝑅𝑎 (3.13) 
 
For calculating the evapotranspiration under standard conditions (𝐸𝑇𝑐 ), FAO 
introduced the crop coefficient approach which is multiplying the 𝐸𝑇0 by a crop 
coefficient, 𝐾𝑐. Then 𝐸𝑇𝑐 is adjusted by considering the shortage of water supply, 
varying fertilization condition and difference of field management to obtain the 
actual evapotranspiration.  
 
The FAO method for determining the 𝐾𝑐 of the specific crop which grows in large 
fields is mainly based on its growth conditions of each growth stages and the 
corresponding seasonal climate. However, the trees planted in an urban 
environment are significantly different with crops as: 
• The growth cycle of trees is much longer than crops 
• Trees have relatively low planting density 
• Some trees are very tall and have deep and wide roots system 
• Trees may be surrounded by grass and bushes (two different types of plants 
grow together) 
• Trees have large canopy which can shade part of the grass surface 
• Trees unlike crops, usually lack regular irrigation and management 
Thus, the approach which is introduced by FAO to determine the 𝐾𝑐 cannot apply 
on a single tall tree. As the evapotranspiration from grass surface is hard to be 
measured, the FAO approach is used to calculate the evapotranspiration of the 
grassland at the Glenroy field site in this research while the actual transpiration of 
tree is measured by sap flow meters. 
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3.4 Transpiration of Tree 
Water is vital for plants as water not only directly participates in photosynthesis 
and other biochemical reactions but also transports various inorganic ions from 
the roots to leaves and transports the photosynthetic products to all the parts of 
the plant. The uplifting of water from roots through the stem to the canopy can be 
explained by transpiration-cohesion-tension theory which was proposed by Dixon 
in 1894. Transpiration is a passive process that the energy needed is all supplied 
by the pulling power (suction) which is caused by the evaporation of water from 
leaves. Therefore, the transpiration rate of a tree is determined by meteorological 
conditions. However, there is no widely accepted model that can be used to 
estimate the transpiration rate of a tree. 
 
Almost all the water for transpiration is absorbed by the root system, flowing 
through tree stem and release to air from leaves. Hence, the transpiration rate can 
be figured out by measuring the flow velocity of sap flow in the stem. The 
measurement of sap flow velocity is a highly accurate and popular method which 
uses heat as a tracer for sap movement. This type of method can automatically 
continuous record sap flow velocity with high time resolution (Smith and Allen, 
1996). There are two methods available for measuring the sap flow velocity: the 
heat balance method and the heat pulse method. The heat balance method uses a 
continuous heating source. The heat pulse method uses released heat pulse as a 
heating source and the power consumption is very low.  
 
The ICT HRM30 sap flow meter has been used to monitor the transpiration rate 
of a Eucalyptus tree and a lemon tree in this research. The HRM30 sap flow 
meter uses the heat ratio method (HRM) which is improved from the 
compensation heat pulse method (CHPM) for measuring low and reverse rate of 
sap flow in xylem (Burgess, Adams et al., 2001). The HRM can measure both sap 
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velocity and volumetric water flow in the sap wood. The working mechanism of 
HRM is shown in Figure 3.1. The sap flow meter has three stainless steel needles 
which have a length of 35mm. The red one in the middle is a heater probe which 
can release heat pulse. The two blue needles are the temperature probe located at 
the same distance above and below the heater probe. The design of two 
temperature probes makes SFM can measure the reverse sap flow. On each 
temperature probe, there are two temperature sensors which are located 7.5mm 
and 22.5mm from the tip of the needle. The spacing between two temperature 
sensors is 15mm, this spacing allows SFM take two independent reading of the 
thermal diffusion sphere without the influence of the other. There is a spacing of 
12.5mm between the base and the outer temperature sensors to avoid the 
temperature sensors are inserted into the bark. Tree trunks have three layers, i.e., 
bark, sapwood and heartwood respectively, and water only flows through the 
sapwood layer (Taiz, 1991).  
 
 
Figure 3.1: Working principle of sap flow meter (after ICT manual) 
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The HRM measure the ratio of the temperature at the downstream sensor and 
upstream sensor. Therefore the distance and velocity of heat pulse velocity can be 
calculated as (Marshall, 1958): 
 
𝑉ℎ =
𝑘
𝑥
ln(𝑣1 𝑣1⁄ ) 3600 (3.14) 
 
where 𝑉ℎ is the heat pulse velocity (cm/h), 𝑘 is thermal diffusivity of fresh wood 
(𝑐𝑚2/𝑠), 𝑥 is distance between the heater and temperature probes (cm), 𝑣1 is the 
increase in temperature at downstream sensor and 𝑣2  is the increase in 
temperature at upstream sensor. 
 
Inserting probes into tree trunk will damage the xylem tissue. The intact vessels 
in sap wood will be blocked by the forming tyloses as the plant response to 
wounding (Barrett et al., 1995). The wound around the probes will decrease the 
ratio of 𝑣1  and 𝑣2 . To correct the errors caused by wound, BURGESS et al. 
(2000) based on the equation of Swanson and Whitfield (1981) proposed a three 
coefficients wound correction equation: 
 
𝑉𝑐 = 𝑏𝑉ℎ + 𝑐𝑉ℎ
2 + 𝑑𝑉ℎ
3 (3.15) 
 
where 𝑉𝑐  is the corrected heat pulse velocity and b, c and d are coefficients. 
Barrett, Hatton et al. (1995) modified Marshall (1958) equation, thus sap velocity 
(𝑉𝑠) can be work out by: 
 
𝑉𝑠 =
𝑉𝑐𝜌𝑏(𝑐𝑤 +𝑚𝑐𝑐𝑠)
𝜌𝑠𝑐𝑠
 (3.16) 
 
where 𝜌𝑏 is the basic density of wood (dry weight/green volume), 𝑐𝑤 is specific 
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heat capacity of the wood matrix (1200J 𝑘𝑔−1℃−1 at 20 ℃ (Becker and Edwards, 
1999)), 𝑐𝑠 is specific heat capacity of the sap (water, 4182J 𝑘𝑔
−1℃−1 at 20 ℃ 
(Lide, 1992)), 𝑚𝑐 is moisture content of sap wood and 𝜌𝑠 is the density of water. 
At last, the volumetric flow of tree can be calculated by multiply sap velocity by 
the cross-section area of sap wood. A tree increment borer can be used to figure 
out the cross-section area of sap wood. 
 
3.5 Flow Equation of Water Phase in Unsaturated Soil 
According to Darcy’s law, there is a linear relationship between the velocity of 
water flow in saturated porous media and the pressure gradient. The equation can 
be expressed as: 
 
𝑣 = −𝑘𝛻ℎ (3.17) 
 
where 𝑣  is the water flow velocity in saturated media, 𝑘  is the hydraulic 
conductivity and 𝛻ℎ is pressure head vector. In saturated soil, the actual flow rate 
is also called seepage velocity (𝑣𝑠) which can be expressed as 
 
𝑣𝑠 = 𝑣/𝑛 (3.18) 
 
Where 𝑛 is soil void ratio. Water flow in unsaturated soil is unlike the water flow 
in saturated soil because the unsaturated soil is a multiphase system comprising 
soil solids, air, water and contractile skin (Fredlund et al., 2012). In the water 
flow problem, air bubbles behave similarly to the solid phase that water cannot 
flow through (Childs, 1969). However, even when soil water content is low, there 
is contractile skin (water membrane) between the air bubble and soil particles, 
water can slowly flow through the contractile skin in the air-filled pores. 
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Moreover, the pore air pressure generates suction in unsaturated soil. Therefore, 
Richards (1931) extend Darcy’s law from saturated flow problem to unsaturated 
flow problem by combining the permeability with suction force or suction head.  
 
𝑞 = −𝑘(𝜃)∇ℎ (3.19) 
or 
𝑞𝑥 = −𝑘𝑥(𝜃)
𝜕ℎ
𝜕𝑥
,    𝑞𝑦 = −𝑘𝑦(𝜃)
𝜕ℎ
𝜕𝑦
,    𝑞𝑧 = −𝑘𝑧(𝜃)
𝜕ℎ
𝜕𝑧
 (3.20) 
 
where 𝑞  is the flow rate, 𝑘(𝜃) is the function of permeability (cm/s), 𝜃  is the 
volumetric water content and ℎ is the total head (cm).  
 
According to mass conservation law, the net flow through a soil element is equal 
to its rate of change of water content: 
 
−
𝜕𝑞𝑥
𝜕𝑥
−
𝜕𝑞𝑦
𝜕𝑦
−
𝜕𝑞𝑧
𝜕𝑧
=
𝜕𝜃
𝜕𝑡
 (3.21) 
 
Combining Equations (3.19), (3.20) and (3.21) gives 
 
𝜕
𝜕𝑥
[𝑘𝑥(𝜃)
𝜕ℎ
𝜕𝑥
] +
𝜕
𝜕𝑦
[𝑘𝑦(𝜃)
𝜕ℎ
𝜕𝑦
] +
𝜕
𝜕𝑧
[𝑘𝑧(𝜃)
𝜕ℎ
𝜕𝑧
] =
𝜕𝜃
𝜕𝑡
 (3.22) 
 
The total head in unsaturated soil is the sum of gravitational head and suction 
head:  
 
ℎ = ℎ𝑚 + 𝑧 (3.23) 
 
where ℎ𝑚 is suction head (cm).  
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Substituting Equation (3.22) into Equation (3.23) gives, 
 
𝜕
𝜕𝑥
[𝑘𝑥(𝜃)
𝜕ℎ𝑚
𝜕𝑥
] +
𝜕
𝜕𝑦
[𝑘𝑦(𝜃)
𝜕ℎ𝑚
𝜕𝑦
] +
𝜕
𝜕𝑧
[𝑘𝑧(𝜃) (
𝜕ℎ𝑚
𝜕𝑧
+ 1)] =
𝜕𝜃
𝜕𝑡
 (3.24) 
 
Replacing the suction head ℎ𝑚 with the pore water pressure (suction force), the 
above equation can be written as: 
 
𝜕
𝜕𝑥
[𝑘𝑥(𝜃)
𝜕𝜓
𝜕𝑥
] +
𝜕
𝜕𝑦
[𝑘𝑦(𝜃)
𝜕𝜓
𝜕𝑦
] +
𝜕
𝜕𝑧
[𝑘𝑧(𝜃) (
𝜕𝜓
𝜕𝑧
+ 1)] =
𝜕𝜃
𝜕𝑡
 (3.25) 
 
In a two-dimensional condition, Equation (3.23) can be expressed as: 
 
𝜕
𝜕𝑟
[𝑘𝑟(𝜃)
𝜕𝜓
𝜕𝑟
] +
𝜕
𝜕𝑧
[𝑘𝑧(𝜃) (
𝜕𝜓
𝜕𝑧
+ 1)] =
𝜕𝜃
𝜕𝑡
 (3.26) 
 
By using the chain rule, the right-hand side of the above equation can be re-
written as: 
 
𝜕𝜃
𝜕𝑡
=
𝜕𝜃
𝜕𝜓
 
𝜕𝜓
𝜕𝑡
 (3.27) 
 
𝜕𝜃
𝜕𝜓
= C(𝜓) (3.28) 
 
where C(𝜓) is the slope of SWCC curve.  
 
Substituting Equation (3.28) into Equation (3.26) yields the flow continuity 
equation: 
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𝜕
𝜕𝑟
[𝑘𝑟(𝜃)
𝜕𝜓
𝜕𝑟
] +
𝜕
𝜕𝑧
[𝑘𝑧(𝜃) (
𝜕𝜓
𝜕𝑧
+ 1)] = C(𝜓)
𝜕𝜓
𝜕𝑡
 (3.29) 
 
By using the macroscopic approach in the flow continuity equation, the root 
water uptake can be taken as a sink term 𝑆(𝑟, 𝑧, 𝑡), thus: 
 
𝜕𝜃
𝜕𝑡
=
𝜕
𝜕𝑟
[𝑘𝑟(𝜃)
𝜕𝜓
𝜕𝑟
] +
𝜕
𝜕𝑧
[𝑘𝑧(𝜃) (
𝜕𝜓
𝜕𝑧
+ 1)] + 𝑆(𝑟, 𝑧, 𝑡) (3.30) 
or 
𝜕𝜃
𝜕𝑡
= ∇(𝑘∇𝜓) −
𝜕𝑘(𝜃)
𝜕𝑧
− 𝑆(𝑟, 𝑧, 𝑡) (3.31) 
  
3.6 Root Water Uptake Model 
The transpiration of a tree or the water uptake of the tree roots mainly depends on 
the climate conditions, soil conditions and plant conditions. For the climate 
conditions, the impact factors include temperature, precipitation, solar radiation, 
wind speed, relative humidity, atmospheric pressure, etc. which have been 
merged into FAO reference evapotranspiration equation (Allen, Pereira et al., 
1998). For the soil conditions, the impact factors include soil moisture content, 
soil suction, hydraulic conductivity, soil salinity etc. For the plant conditions, the 
impact factors include tree species, size and root density distribution. However, 
for a tree which grows in a particular soil, some properties of soil and plant may 
remain the same for a long time. For example, the soil density, SWCC curves and 
the diameter of tree stem may not change in a short period. Therefore, only 
consider the soil moisture content (or soil suction), root density distribution and 
potential transpiration as variables. 
 
Because of the macroscopic approach have been employed in this study, roots and 
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soil are treated as mixture porous media and the roots non-uniformly distribute 
within the root zone. According to Kramer and Boyer (1995), almost all the water 
absorbed by root system is used for transpiration. Hence, in the entire root zone, 
the actual cumulative root water uptake rate is equal to the tree actual 
transpiration rate: 
 

)(
),,()(
tV
aa dVtzrStT  (3.32) 
 
where 𝑇𝑎(𝑡) is the actual transpiration rate at time t, 𝑆𝑎(𝑟, 𝑧, 𝑡) is the actual root 
water uptake rate in root zone at time t and V is the volume of the root zone at 
time t.  
 
The above equation denotes that the sink term is highly dependent on the root 
density distribution in the root zone. Therefore, the root water uptake model base 
on the actual transpiration rate is: 
 
𝑆𝑎 = 𝐷(𝛽(𝑟, 𝑧))𝑇𝑎 (3.33) 
 
where 𝐷(𝛽(𝑟, 𝑧)) is the root distribution factor, and 𝛽(𝑟, 𝑧) is the root density 
describing the distribution of potential root water uptake with radius and depth. If 
the actual transpiration is unknown, the potential transpiration rate 𝑇𝑝(𝑡) can be 
expressed by normalisation of potential root water uptake rate, 𝑆𝑝(𝑟, 𝑧, 𝑡): 
 

)(
),,()(
tV
pp dVtzrStT  (3.34) 
 
For determining the actual root-water uptake rate, the water stress (too dry or too 
wet) and/or high salinity concentration stress need to be considered. 
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3.6.1 Root Shape Factor 
The spatial root distribution is an important parameter in a root water uptake 
model because it determines the spatial water uptake distribution in the root zone. 
Usually, spatial root distribution is expressed by effective root length density in 
water uptake models. Several root density distribution models have been 
reviewed in Chapter 2. The most common architecture of the root is alternate 
lateral branching off from a parent root. The roots are finer and denser at the end 
of the root system where have more surface area and more water absorption. The 
roots near stem are sturdy where have less water uptake rate. In this study, a root 
density model which is based on the model of Vrugt, Wijk et al. (2001) has been 
adopted, which considers that the root is denser at the end of the root system, and 
the root density could be zero or not zero at the soil surface. The one-dimensional 
form is: 
 
𝛽(𝑧) = 𝐷𝑠 + [
𝑧
𝑍𝑚𝑎𝑥
] 𝑒
𝑃𝑧
𝑍𝑚𝑎𝑥
(𝑧∗−𝑧)
   (𝑧 ≥ 0) (3.35) 
 
where 𝑍𝑚𝑎𝑥 is the maximum root depth, 𝐷𝑧 is the root density at soil surface, 𝑧 is 
the depth from soil surface and 𝑝𝑧 and 𝑧
∗ are empirical parameters.  
 
This model describes the asymmetrical distribution of root water uptake with 
depth, but the horizontal distribution is uniform. It provides maximum water 
uptake at the maximum depth. Therefore, one-dimensional root distribution 
model can only be used in the crops which are a uniform planted in the field or 
the uniform dense grow natural plants, say grasses and bushes. Table 3.1 and 
Figure 3.2 are some examples of the empirical parameters and the corresponding 
one-dimensional root density distribution when the 𝑍𝑚𝑎𝑥 = 5 m. 
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Table 3.1: Empirical parameters examples when the 𝑍𝑚𝑎𝑥 = 5 m 
Figure 𝒁∗ (m) 𝒑𝒛 𝑫𝒔 
A 5 0 0 
B 5 -3 0 
C 4.4 0.9 0.1 
D 3 1 0.1 
E 6 1.6 0.2 
F 2.5 4.8 0.2 
 
 
  
(A)                                                               (B) 
  
(C)                                                              (D) 
  
(E)                                                           (F) 
Figure 3.2: Root density distribution corresponding with Table 3.1 
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According to Equation (3.34), the one-dimensional root water uptake model can 
be expressed as: 
 
𝑆(𝑧) =
𝛽(𝑧)𝑇𝑝
∫ 𝛽(𝑧)𝑑𝑧
𝑍𝑚𝑎𝑥
0
 (3.36) 
 
In a two-dimensional condition, the root distribution and density are considered to 
change in both vertical and horizontal directions, and it can be described by the 
following equation: 
 
𝛽(𝑟, 𝑧) = [
𝑧
𝑍𝑚𝑎𝑥
] [
𝑟
𝑅𝑚𝑎𝑥
] 𝑒
((𝐷𝑠𝑧+
𝑝𝑧
𝑍𝑚𝑎𝑥
(𝑧∗−𝑧))+(𝐷𝑠𝑟+
𝑝𝑟
𝑅𝑚𝑎𝑥
(𝑟∗−𝑟)))
 (3.37) 
 
where 𝛽(𝑟, 𝑧) is a shape factor describing the two-dimensional spatial distribution 
of potential root water uptake with depth and radial, 𝑅𝑚𝑎𝑥 is the maximum root 
length in the radial direction, 𝑟 is the radial distance from the origin of the tree 
and 𝑃𝑟 and 𝑟
∗ are empirical parameters. According to Equation (3.34), the two-
dimensional water uptake model can be expressed as: 
 
𝑆(𝑟, 𝑧) =
𝛽(r, z)𝑇𝑝
∫𝛽(𝑟, 𝑧)𝑑𝑣
=
𝜋𝑅𝑚𝑎𝑥
2 𝛽(𝑟, 𝑧)𝑇𝑝
2𝜋 ∫ ∫ 𝑟𝛽(𝑟, 𝑧)𝑑𝑟 𝑑𝑧
𝑅𝑚𝑎𝑥
0
𝑍𝑚𝑎𝑥
0
 (3.38) 
 
According to Smith and Allen (1996), the shapes of plant roots may be generally 
grouped into four distribution shapes as shown in Figure 3.3,  
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Figure 3.3: Different shape of root zone 
 
The different root geometry shape can be determined by the inflection points 
𝑃(𝑥0, 𝑦0), the maximum depth 𝑍𝑚𝑎𝑥 and the maximum radius 𝑅𝑚𝑎𝑥. The position 
of inflection points can be defined by two parameters 𝐾1 and 𝐾2: 
 
𝑥0 = 𝐾1 ∙ 𝑅𝑚𝑎𝑥 (3.39) 
and 
𝑦0 = 𝐾2 ∙ 𝑍𝑚𝑎𝑥 (3.40) 
 
where 0 ≤ 𝐾1 ≤ 1 and 0 ≤ 𝐾2 ≤ 1 . Therefore, the two-dimensional root-water 
uptake equation which considers the shape of root zone can be expressed as: 
 
𝑆(𝜃) =
𝜋𝑟𝑚𝑎𝑥
2 𝛽(𝑟, 𝑧)𝑇𝑝
2𝜋 ∫ 𝑟1
2𝛽(𝑟, 𝑧)𝑑𝑧 + ∫ 𝑟2
2𝛽(𝑟, 𝑧)𝑑𝑧
𝑍𝑚𝑎𝑥
𝐾2𝑍𝑚𝑎𝑥0
𝐾2𝑍𝑚𝑎𝑥
0
 (3.41) 
 
3.6.2 Actual Root-Water Uptake Rate 
The actual sink term 𝑆𝑎 which is dependent on soil water pressure head ℎ can be 
obtained from (Feddes et al., 1978): 
 
𝑆𝑎 = 𝛼(ℎ)𝑆𝑝 (3.42) 
 
𝑃(𝑥0, 𝑦0) 
𝑟 
𝑧 
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which 𝑆𝑝 is the potential water uptake rate and 𝛼(ℎ) is a dimensionless function 
of pressure head. Actual water uptake rate can be influenced by water stress or 
sanity stress or both. Root water uptake under water stress can be expressed as: 
 
𝑆𝑎(𝑟, 𝑧) = 𝛼(𝑠) ∙ 𝑆(𝜃) (3.43) 
 
where α(𝑠) is a suction related dimensionless variable, and 0 ≤ α(𝑠) ≤ 1. 
 
Root water uptake under salinity stress can be expressed as: 
 
𝑆𝑎(𝑟, 𝑧) = 𝛼(𝑠𝑜) ∙ 𝑆(𝜃) (3.44) 
 
where α(𝑠𝑜) is an osmotic suction (𝑠𝑜) related dimensionless variable, and 0 ≤
α(𝑠) ≤ 1 . Therefore, root water uptake under water and sanity stress can be 
expressed as: 
 
𝑆𝑎(𝑟, 𝑧) = 𝛼(𝑠)𝛼(𝑠𝑜) ∙ 𝑆(𝜃) (3.45) 
 
Water stress can cause the increasing of soil suction. When soil suction is high, 
the actual water uptake rate is lower than the potential water uptake rate. When 
soil suction decrease to the wilting point, 𝑆𝑟𝑒 , plant will be unable to draw 
moisture from the soil. Moreover, roots need the oxygen for physiological 
activity. If the soil moisture content is too high and air is less, roots will stop 
uptake water. Feddes, Kowalik et al. (1978) suggested the following piecewise 
function which uses the “wilting point” and “anaerobiosis point (or called air 
entry value)” as the breaking points. 
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where 𝑠 is the soil suction (kPa), 𝑠𝑟𝑒  is residual suction value (kPa), 𝑠𝑎𝑒  is the 
suction in air entry value (kPa) and 𝑠𝑠𝑎 is the saturation suction value (kPa). All 
these three values (𝑠𝑟𝑒, 𝑠𝑎𝑒  and 𝑠𝑠𝑎  ) can be obtain from SWCC. The value of 
𝛼(𝑠) is shown in Figure 3.4. 
 
 
Figure 3.4: Value of 𝛼(𝑠) by the equation of Feddes, Kowalik et al. (1978) 
 
The salinity stress is caused by the high concentration of salt solute in the pore 
water. The high content of solute produce high osmotic pressure (osmotic suction) 
and causes the decrease of root water uptake rate. Van Genuchten and Hoffman 
(1984) proposed an S-shape nonlinear function to express α(𝑠𝑜): 
 
α(𝑠𝑜) =
1
1 + (𝑠𝑜 𝑠𝑜50⁄ )𝑝
 (3.47) 
 
where 𝑠𝑜50 is osmotic suction when 𝛼(𝑠𝑜) = 0.5, p is an empirical parameter. 
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3.7 Root-Soil Interaction 
Trees influence the behaviours of unsaturated soils by changing the moisture 
content (suction) of unsaturated soils. For instance, the soil suction and soil 
hydraulic conductivity are closely related to the moisture content. Additionally, 
the variation of soil suction leads to the effective stress change and causes ground 
movement to happen. At the same time, the properties of soils can also influence 
the tree, such as the soil hydraulic conductivity and soil suction can influence the 
water uptake rate of roots. 
 
3.7.1 Soil Suction 
Total soil suction can be explained by the reduction of thermodynamics potential 
of free pore water in the soil (Likos and Lu, 2004). Free pore water is the pore 
water without any solute, without curved surface interaction when contact with 
other states of matter and no force applied except gravity. The solutes in the free 
pore water reduce its osmotic potential thus increase the osmotic suction of soil. 
Because of the pressure difference, it will produce a curved surface when pore 
water contact with gas (normally is air). This interaction can reduce the potential 
energy of free pore water thus increases the soil matrix suction. Therefore, the 
total suction of unsaturated soil can be expressed as: 
 
𝜓 = 𝜓𝑚 + 𝜓𝑜 (3.48) 
 
where 𝜓 is total suction, 𝜓𝑜 is osmotic suction (solute suction), 𝜓𝑚 is the matric 
suction and 𝜓𝑚 = 𝑢𝑎 − 𝑢𝑤, where 𝑢𝑎 is pore air pressure and 𝑢𝑤 is pore water 
pressure. 
 
In summary, osmotic suction is related to the content of the salt in pore water and 
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pore water pressure is related to soil moisture content. If there is no salinity stress, 
total suction is equal to the matrix suction. Both osmotic suction and matrix 
suction relate to soil moisture content, and SWCC is used to describe this 
relationship. According to Kramer and Boyer (1995), tree root absorbs water by 
using both passive absorption and osmotic absorption. Therefore, total suction is 
used in this study for numerical analysis. 
 
3.7.2 Soil Water Characteristic Curve 
Soil suction is related to the moisture content of soils, and the soil water 
characteristic curve (SWCC) is used to determine this relationship. The suction in 
soil is generated by many physical and chemical actions. Based on the different 
actions, SWCC can be divided into three parts. The first part is when the moisture 
content is high and suction is low, pore water is continuous, like the capillary 
fringe region in Figure 2.1. Capillary action is under the effects of soil pore size 
and pore size distribution. The other part is when the moisture content is very low 
and suction is high, pore water form water membrane adhere to soil particles and 
the suction comes from the attract of the electric charge on the surface of soil 
particles. The middle part is the transition zone between high suction zone and 
low suction zone. The shape of the transition zone is determined by the particle 
size of soil. The different SWCC shapes for different soils are shown in Figure 
3.5. 
 
The relationship between soil moisture content and soil suction can be obtained 
by laboratory experiments. The result is a series of discrete points, which need to 
be expressed by some mathematical equation. In this study, Van Genuchten 
(1980) equation has been adopted to analyse the experimental data. The Van 
Genuchten equation is: 
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𝑆𝑒 = [
1
1 + (𝑎𝜓)𝑛
]
𝑚
 (3.49) 
 
where 𝑎, 𝑚 and 𝑛 are the fitting parameters. 𝜓 is the term of suction which can be 
expressed by pressure (kPa) or water head (m). When 𝜓 is expressed by pressure, 
parameter 𝑎 can be denoted by 𝛼 (𝑘𝑃𝑎−1) which is equal to the reciprocal of the 
air entry value. Parameter 𝑛 refers to pore size distribution, and parameter 𝑚 is 
related to the symmetry of the SWCC. 
 
 
Figure 3.5: Soil water characteristic curve of different soils (Fredlund and Xing, 
1994) 
 
3.7.3 Permeability 
When the fluid flows through the soil, the flow rate is positively correlated with 
the fluid density and negatively to the fluid viscosity. According to Darcy’s law, 
the intrinsic permeability (𝑘) of soil can be determined by laboratory testing and 
calculated by the following equation: 
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𝑘 =
𝑞 ∙ 𝑙
𝐴 ∙ ∆ℎ
=
𝑄 ∙ 𝑙
𝐴 ∙ ∆ℎ ∙ 𝑡
 (3.50) 
 
where 𝑙 is the length of the soil sample, 𝐴 is the cross-section area of the soil 
sample, ∆ℎ is the difference of water head, Q is the quantity of water, 𝑡 is time, 𝑞 
is the flow rate of water and have, 
 
𝑞 =
𝑄
𝑡
 (3.51) 
 
There are several empirical equations for estimating the soil permeability, such as 
the Hazen's equation (1892) which can be used to estimate the permeability (𝑘) of 
sands: 
 
𝑘 = 𝐶𝑑10
2  (3.52) 
 
where 𝑑10 is the effective particle size which is the grain size corresponding to 
10% by weight passing the sieve and 𝐶 is a constant with ranging from 0.4 to 1.2, 
typically assumed to be 1. Furthermore, Terzaghi et al. (1996) proposed an 
empirical equation which can be used to predicting permeability (𝑘) of soils: 
 
𝑘 = 𝐶𝑡
𝑔
𝑣
∙ [
𝑛 − 0.13
(1 − 𝑛)1 3⁄
]
2
𝑑10
2  (3.53) 
 
where 𝑔 is the gravity acceleration, 𝑣 is the kinematic viscosity (𝑚𝑚2/𝑠), 𝑛 is the 
porosity, 𝐶𝑡  is the sorting coefficient with range from 0.0061 to 0.00107, and 
Odong (2007) suggest 𝐶𝑡 = 0.0084  for soil. Soil hydraulic conductivity of 
unsaturated soil depends on its intrinsic permeability, soil degree of saturation, 
soil density and viscosity of the fluid. Unsaturated soil permeability can be 
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determined by Forchheimer’s law (Forchheimer, 1901): 
 
𝑘 =
𝑘𝑠
(1 + 𝛽√𝑣𝑤𝑣𝑤)
𝑘 (3.54) 
 
where 𝑘  is the permeability of unsaturated soil, 𝑘  is the intrinsic permeability 
when soil is saturated, 𝛽 is a velocity factor, when 𝛽 = 0 Forchheimer’s law can 
be simplified to Darcy’s law, 𝑣𝑤 is flow velocity of fluid and 𝑘𝑠 is a saturation 
reduction factor, 𝑘𝑠 = 1 when degree of saturation 𝑆𝑟 = 1. 
 
3.7.4 Unsaturated Soil Stress State and Soil Movement 
Soil movement is caused by the change of stress. The stress state of unsaturated 
soil is much different with saturated soil. The effect of positive pore water 
pressure in saturated soil is to reduce the effective stress. However, pore water 
and pore air in the unsaturated soil will generate negative pore pressure which can 
produce tension stress between soil particles. The tension stress can gather soil 
particles and increase the effective stress. The negative pore pressure is related to 
the moisture content of soil. When moisture content decrease, the effective stress 
will increase together with the soil negative pore pressure (suction). Therefore, in 
unsaturated soil, moisture content change can lead to the change of effective 
stress and soil strain will change correspondingly.  
 
The dual constitutive variable (DCV) stress concept is to use two of the following 
three independent stress variable to describe the stress state in unsaturated soils: 
(𝜎 − 𝑢𝑤), (𝜎 − 𝑢𝑎) and (𝑢𝑎 − 𝑢𝑤). However, for the numerical modelling, most 
finite element codes do not support DCV, while some researcher tried using 
temperature to simulate the (𝑢𝑎 − 𝑢𝑤) and get a good result. In this research, the 
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single constitutive variables (SCV) effective stress concept which is developed by 
Bishop (1960) has adopted. The Bishop effective stress equation is: 
 
𝜎′ = (𝜎 − 𝑢𝑎) + 𝜒(𝑢𝑎 − 𝑢𝑤) (3.55) 
 
where 𝜎 is total stress, 𝑢𝑎  is pore air pressure, 𝑢𝑤  is pore water pressure, (𝜎 −
𝑢𝑎)  is net normal stress, (𝑢𝑎 − 𝑢𝑤)  is matric suction (negative pore water 
pressure), 𝜒 is effective stress parameter which essentially is a material-related 
parameter. Khalili and Khabbaz (1998) show that 𝜒  has a relationship with 
suction ratio and propose an equation of 𝜒 considering SWCC relationship: 
 
𝜒 = {(
𝑠𝑎𝑒
𝑆
)
−0.55
  𝑠 ≥ 𝑠𝑎𝑒
  1                  𝑠 < 𝑠𝑎𝑒
 (3.56) 
 
where 𝑆 is the soil suction, 𝑆𝑎𝑒  is soil suction in air entry value which can be 
determined from SWCC refer to Figure 3.6. Sheng et al. (2008) suggested an 
equation which can be used to obtain the characteristic point on SWCC: 
 
𝑑𝑆𝑟 = −𝜆𝑤𝑠
𝑑𝑠
𝑠
 (3.57) 
 
𝜆𝑤𝑠 = {
0                     (𝑠 < 𝑠𝑠𝑎)
𝜅𝑤𝑠     (𝑠𝑠𝑎 ≤ 𝑠 < 𝑠𝑎𝑒)
𝜆𝑤𝑠     (𝑠𝑎𝑒 ≤ 𝑠 < 𝑠𝑟𝑒)
𝜅𝑤𝑠                 (𝑠𝑟𝑒 ≤ 𝑠)
 (3.58) 
 
where 𝑆𝑟 is degree of saturation, 𝑠𝑠𝑎 is suction in saturation, 𝑠𝑎𝑒 is suction in air 
entry value, 𝑠𝑟𝑒 is residual suction, 𝜅𝑤𝑠 and 𝜆𝑤𝑠 are two slopes of the tangent line 
on the SWCC curve which is shown in Figure 3.6. After the 𝜅𝑤𝑠  and 𝜆𝑤𝑠  are 
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obtained from SWCC, the 𝑠𝑠𝑎, 𝑠𝑎𝑒 and 𝑠𝑟𝑒 can be worked out. 
 
 
Figure 3.6: Typical soil water characteristic curve 
 
3.8 Application of ABAQUS Finite Element Program 
The concepts and governing equations of tree roots water uptake have been 
discussed in previous sections. In a tree root-moisture flow-soil integration 
analysis, the flow and deformation equations are coupled by effective stress 
theory. Since the analysis is complex and involved different material properties 
general boundary conditions, numerical analysis has been applied to calculate. 
 
There are many finite element or finite difference software available, such as 
ABAQUS, ANASYS, FLAC, PLAXIS and SoilVision. However most of general-
purpose software cannot be used for simulation of the unsaturated soil behaviour. 
In this study, a well-established finite element analysis software, ABAQUS, has 
𝑆𝑠𝑎 
𝑆𝑎𝑒 
𝑆𝑟𝑒 
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been used for the numerical analysis of the interaction between unsaturated soil 
and footings under the influence of tree root water uptake. An important reason to 
choose ABAQUS is for it can define most mechanical parameters of unsaturated 
soil, such as the shrink-swell behaviour of the soil and the interaction between 
footing and soil. In this research, the ground movement is caused by soil moisture 
content change which including the water uptake by tree roots, rainfall infiltration 
and evapotranspiration. In addition, ABAQUS allows users to write subroutines 
to modify the existing models and define the parameters. 
 
3.8.1 Constitutive Model in ABAQUS 
There are many plastic constitutive models of unsaturated soil can be chosen for 
the numerical analysis. ABAQUS code contains two most wildly-used plastic 
constitutive models, which are Mohr-Coulomb Plasticity model and Drucker-
Prager model. Drucker-Prager model is best suited for simulating materials with 
internal frictional and simulating monotonic loading to material failure, such as 
soil foundation ultimate load analysis, or used for creep analysis. Compare with 
Drucker-Prager Model, Mohr-Coulomb model is more suitable for simulating 
particle material, such as soil. Therefore, Mohr-Coulomb model has adopted in 
this study. 
 
3.8.1.1 Mohr-Coulomb Plasticity Model in ABAQUS 
In ABAQUS code the yield surface of Mohr-Coulomb plasticity model is a 
composite of two different criteria. One is a shear criterion, also known as the 
Mohr-Coulomb surface. The other one is an optional tension cutoff criterion, 
modeled using the Rankine surface (ABAQUS Analysis User’s Guide, (2014)). 
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3.8.1.2 The Mohr-Coulomb Surface  
The Mohr-Coulomb yield criterion represents a linear envelope which is defined 
by the shear strength and normal stress of a material. The yield occurs when the 
shear stress on any point in a material reaches to the failure envelope line. As 
shown in Figure 3.7, the failure envelope line is the best straight line that touches 
the Mohr's circles which is defined by the maximum and minimum principal 
stresses at yield. 
 
 
Figure 3.7: Mohr-Coulomb yield model (after ABAQUS manual, (2014)) 
 
In the graph shown above, Y-axis is shear stress, X-axis is the compressive stress 
(confining pressure) and two Mohr’s circles can define a failure envelope line. 
The angle between the failure envelope line and X-axis is the friction angle 𝜑. 
The distance between the coordinate origin and the intersection point of the 
failure envelope line and the Y-axis is the cohesion of the material (𝑐). The 
material failure will occur at the tangent point on the Mohr’s circles. Therefore, 
the Mohr-Coulomb model can be defined by 
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𝜏 = 𝑐 − 𝜎 𝑡𝑎𝑛 𝜑 (3.59) 
 
In ABAQUS, 𝜎 is negative in compression. 
 
𝑠 =
1
2
(𝜎1 − 𝜎3) (3.60) 
 
where 𝑠 is the radius of a Mohr’s circles, and is the maximum shear stress. σ1 is 
the maximum principal stress, and σ3 is the minimum principal stress. 
 
From Mohr's circle can obtain: 
 
𝜏 = 𝑠 𝑐𝑜𝑠 𝜑 (3.61) 
 
𝜎 = 𝜎𝑚 + 𝑠 𝑠𝑖𝑛 𝜑 (3.62) 
 
Substituting Equation (3.61) and (3.62) into Equation (3.59) for 𝜏  and 𝜎 , 
multiplying both sides by 𝑐𝑜𝑠 𝜑, and reducing, the Mohr-Coulomb model can be 
written as 
 
𝑠 + 𝜎𝑚 𝑠𝑖𝑛 𝜑 − 𝑐 𝑐𝑜𝑠 𝜑 = 0 (3.63) 
 
where 𝜎𝑚 is the average of the maximum and minimum principal stresses, the 
equation is shown as: 
 
𝜎𝑚 =
1
2
(𝜎1 + 𝜎3) (3.64) 
 
For convenience, the yield function of the model can be written in terms of three 
stress invariants as: 
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𝐹 = 𝑅𝑚𝑐𝑞 − 𝑝 𝑡𝑎𝑛 𝜑 − 𝑐 = 0 (3.65) 
 
where 
 
𝑅𝑚𝑐(𝛩, 𝜑) =
1
√3 𝑐𝑜𝑠 𝜑
𝑠𝑖𝑛(𝛩 +
𝜋
3
) +
1
3
𝑐𝑜𝑠(𝛩 +
𝜋
3
) 𝑡𝑎𝑛 𝜑 (3.66) 
 
where 𝜑 is the slope of the Mohr-Coulomb yield surface in the 𝑝 − 𝑅𝑚𝑐𝑞 stress 
plane (see Figure 3.7), also called as friction angle of the material and can depend 
on temperature and predefined field variables, and have 0° ≤ φ ≤ 90°; 𝑝 is the 
equivalent pressure stress defined as: 
 
𝑝 = −
1
3
𝑡𝑟𝑎𝑐𝑒(𝛔) (3.67) 
 
where c  is the cohesion of the material; and Θ  is the deviatoric polar angle 
defined as 
 
𝑐𝑜𝑠(3𝛩) = (
𝑟
𝑞
)
3
 (3.68) 
 
where 𝑞 is the Mises equivalent stress defined as: 
 
𝑞 = √
3
2
(𝐒: 𝐒) (3.69) 
 
where 𝑟 is the third invariant of deviatoric stress, 𝐽3, defined as: 
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𝑟 = (
9
2
𝐒 ∙ 𝐒: 𝐒)
1
3
 (3.70) 
 
where 𝐒 is the deviatoric stress. 
 
𝐒 = 𝛔 + 𝑝𝐈 (3.71) 
 
When the meridional angle of 𝛩 = 0 , the tension cutoff surface is shown in 
Figure 3.8. The friction angle, φ, controls the shape of the yield surface in the 
deviatoric plane as shown in Figure 3.9. As mentioned before, the friction angle 
range is 0° ≤ φ ≤ 90°. When φ = 0°, on the deviatoric plane the Mohr-Coulomb 
model reduces to the pressure-independent Tresca model with a perfectly 
hexagonal deviatoric section. When φ = 90° the Mohr-Coulomb model reduces 
to the “tension cutoff” Rankine model with a triangular deviatoric section and 
Rmc = ∞ (this limiting case is not permitted in ABAQUS). 
 
 
Figure 3.8: Mohr-Coulomb and tension cutoff surfaces in meridional planes. 
(after ABAQUS manual, (2014)) 
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Figure 3.9: Mohr-Coulomb and tension cutoff surfaces in deviatoric planes. (after 
ABAQUS manual, (2014)) 
 
In Mohr-Coulomb model, the cohesion factor is assumed to be the harding 
behaviour of the yield surface. The cohesion factor can be a function of plastic 
strain, temperature and predefined field variables. 
 
3.8.1.3 Tension Cutoff 
Roots desiccate soil will cause soil shrinkage and cracking. In ABAQUS Mohr-
Coulomb plasticity model, the tension cutoff can be modelled with the Rankine 
surface: 
 
𝐹𝑡 = 𝑅𝑟(𝛩)𝑞 − 𝑝 − 𝜎𝑡(𝜀?̅?
𝑝𝑙) = 0 (3.72) 
 
where 𝑅𝑟(𝛩) = (2 3⁄ ) cos𝛩 , and 𝜎𝑡  is the tension cutoff value representing 
softening (or hardening) of the Rankine surface and 𝜀?̅?
𝑝𝑙 is the tensile equivalent 
plastic strain. 
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3.8.1.4 Plastic Flow on the Mohr-Coulomb Yield Surface 
In ABAQUS, the Mohr-Coulomb yield surface flow potential (G) in the 
meridional stress plane is a hyperbolic function and in the deviatoric stress plane 
is a smooth elliptic function which can be expressed by the equation proposed by 
Menetrey and Willam (1995): 
 
𝐺 = √(𝜖𝑐|0 𝑡𝑎𝑛𝜓)2 + (𝑅𝑚𝑤𝑞)2 − 𝑝 𝑡𝑎𝑛𝜓 (3.73) 
 
where 𝑐|0 is the initial cohesion yield stress have 𝑐|0 = 𝑐|?̅?𝑝𝑙=0, 𝜓 is the dilation 
angle, 𝜖 is the meridional eccentricity that defines the rate at which the hyperbolic 
function approaches the asymptote, like shown in Figure 3.10 
 
𝑅𝑚𝑤  is a parameter to control the shape of flow potential function in the 
deviatoric stress plane, and have: 
 
𝑅𝑚𝑤(𝛩, 𝑒) =
4(1 − 𝑒2)𝑐𝑜𝑠2𝛩 + (2𝑒 − 1)2
2(1 − 𝑒2) 𝑐𝑜𝑠 𝛩 + (2𝑒 − 1)√4(1 − 𝑒2)𝑐𝑜𝑠2𝛩 + 5𝑒2 − 4𝑒
𝑅𝑚𝑐(
𝜋
3
, 𝜑) (3.74) 
 
and 
 
𝑅𝑚𝑐 (
𝜋
3
, 𝜑) =
3 − 𝑠𝑖𝑛 𝜑
6 𝑐𝑜𝑠 𝜑
 (3.75) 
 
where 𝑒 is the deviatoric eccentricity which describes the shape of flow potential 
between the shear stress along the extension meridian (𝛩 = 0) and the shear 
stress along the compression meridian ( 𝛩 =
𝜋
3
). In ABAQUS the default 
calculation of deviatoric eccentricity is: 
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𝑒 =
3 − 𝑠𝑖𝑛𝜑
3 + 𝑠𝑖𝑛 𝜑
 (3.76) 
 
The range of deviatoric eccentricity is: 0.5 < 𝑒 < 1.0. 
 
In ABAQUS, the plastic flow on the Rankine surface is: 
 
𝐺𝑡 = √(𝜖𝑡𝜎𝑡|0)2 + (𝑅𝑡𝑞)2 − 𝑝 (3.77) 
 
and 
 
𝑅𝑡(𝛩, 𝑒𝑡)
=
1
3
4(1 − 𝑒𝑡
2)𝑐𝑜𝑠2𝛩 + (2𝑒𝑡 − 1)
2
2(1 − 𝑒𝑡
2) 𝑐𝑜𝑠 𝛩 + (2𝑒𝑡 − 1)√4(1 − 𝑒𝑡
2)𝑐𝑜𝑠2𝛩 + 5𝑒𝑡
2 − 4𝑒𝑡
 
(3.78) 
 
where 𝜎𝑡|0 is the initial value of tension cutoff, 𝜖𝑡 is the meridional eccentricity 
and 𝑒𝑡 is the deviatoric eccentricity. 
 
 
Figure 3.10: Family of hyperbolic flow potentials in the meridional stress plane 
(after ABAQUS manual, (2014)) 
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3.8.2 Unsaturated Soil Coupled Pore Fluid Diffusion and Stress Analysis in 
ABAQUS 
In the field investigation of soil water uptake by tree roots, the soils around a 
plant remain essentially unsaturated. The flows of water in the root zone include 
water absorbs by roots in the root zone, water flows into root zone from 
surrounding soil, water evaporates from the soil surface and rain infiltrates into 
soil. All the water flows in the root zone which include the rainfall infiltration are 
unsaturated seepage. ABAQUS can analyse the saturated and unsaturated flow in 
porous media by using Darcy's law or Forchheimer’s law. The analysis process 
considers the gravity of the fluid thus capillary action, pore water pressure and 
total pore pressure can be calculated. 
 
3.8.2.1 The Effective Stress of Unsaturated Soil 
For saturated soil, the effective stress can be considered as the stress borne by the 
solid particle skeleton, but for the unsaturated soil, the negative pore water 
pressure can generate suction force applied on the particle skeleton. In ABAQUS, 
the stress of a point in the unsaturated soil can be expressed as:  
 
𝜎𝑖𝑗 = 𝜎𝑖𝑗
′ + 𝜒𝑢𝑓𝛿𝑖𝑗 (3.79) 
 
where 𝜎𝑖𝑗 is the total stress on a point, 𝜎𝑖𝑗
′  is the effective stress beared by the 
solid particle skeleton, 𝑢𝑓  is the pore water pressure, 𝜒  is the effective stress 
parameter that consider as a function of degree of saturation, 𝑆𝑟: 
 
𝜒 = 𝜒(𝑆𝑟) (3.80) 
 
The measurement of 𝜒 is very difficult, and a typical measurement data is linear 
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change with degree of saturation. In ABAQUS, 𝜒 is assumed equal to the degree 
of saturation: 
 
𝜒 = 𝑆𝑟 (3.81) 
 
If consider solid particles and pore fluid have the same strain rate, the total strain 
rate of unsaturated soil is: 
 
𝑑𝜀 = (𝑑𝜀𝑔
𝑣𝑜𝑙 + 𝑑𝜀𝑓
𝑣𝑜𝑙)𝐈 + 𝑑𝜀𝑒𝑙 + 𝑑𝜀𝑝𝑙 (3.82) 
 
where 𝑑𝜀𝑔
𝑣𝑜𝑙 is the volume strain rate of solid particles, 𝑑𝜀𝑓
𝑣𝑜𝑙 is the volume strain 
rate of pore fluid, 𝑑𝜀𝑒𝑙 is the elastic strain rate of solid particles skeleton, 𝑑𝜀𝑝𝑙 is 
the plastic strain rate of solid particles skeleton. 
 
3.8.3 Coupled Pore Fluid Diffusion and Stress Analysis 
In ABAQUS, the flow of water in unsaturated soil is described by Forchheimer’s 
law. Darcy’s law describes a linear relationship between hydraulic gradient and 
fluid velocity, and can be used for low flow velocity. When flow velocity is high 
that is with Reynolds numbers greater than about 1 to 10, the relationship 
between hydraulic gradient and fluid velocity is nonlinear and the effective 
permeability reduce. Therefore, Darcy’s law cannot be adopted. Forchheimer’s 
law is nonlinear and has boarder application, no flow velocity limit. When the 
fluid flow has low velocity, Forchheimer's law approximates the Darcy's law.  
 
Forchheimer’s law can be expressed as: 
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𝐟(1 + 𝛽√𝐯𝑤 ∙ 𝐯𝑤) = −𝐤
𝑘𝑠
𝛾𝑤
∙ (
𝜕𝑢𝑤
𝜕𝐱
− 𝜌𝑤𝐠) (3.83) 
 
where 𝐟 = 𝑆𝑟𝑛𝐯𝑤  is the wetting liquid volumetric flow rate per unit area (the 
effective velocity of the wetting liquid), 𝑆𝑟 is degree of saturation, 𝑛 is the soil 
porosity, 𝐯𝑤 is the fluid velocity, 𝛽(𝑒) is a “velocity coefficient,” which may be 
dependent on the void ratio of the soil; 𝜌𝑤 is the density of the fluid, 𝑘𝑠(𝑆𝑟) is the 
reduction permeability which is dependent with degree of saturation ( 𝑘𝑠 =
1.0 𝑎𝑡 𝑆𝑟 = 1.0), 𝐤(𝑒, 𝜃, 𝑓𝛽) is the permeability of the fully saturated soil which 
can be a function of void ratio (𝑒), temperature (𝜃), and/or field variables (𝑓𝛽), 𝑢𝑤 
is the pore water pressure, 𝐠 is gravitational acceleration. 
 
The permeability of unsaturated soil is lower than that in saturated soil. In 
ABAQUS the unsaturated permeability is defined by a reduction of saturated 
permeability: 
 
?̅? =
𝑘𝑠
(1 + 𝛽√𝐯𝑤 ∙ 𝐯𝑤)
𝐤 (3.84) 
 
where ?̅? is the permeability of unsaturated soil. Therefore, the Forchheimer’s law 
can be written as: 
 
𝐟 = −
?̅?
𝛾𝑤
∙ (
𝜕𝑢𝑤
𝜕𝐱
− 𝜌𝑤𝐠) (3.85) 
 
where 𝑘𝑠(𝑆𝑟) is the dependence of permeability on saturation that is assumed by 
default in ABAQUS as: 
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𝑘𝑠 = 𝑆𝑟
3 (3.86) 
 
3.8.4 Soil Water Characteristic Curve 
In unsaturated soil, the pore air pressure and pore water pressure together 
generate the suction which is the negative pore pressure. Usually the pore air 
pressure (𝑢𝑎) and osmotic suction (𝜓𝑠) are very small, ABAQUS consider the 
suction is equal to the negative pore water pressure (−𝑢𝑤). The suction is related 
to the soil moisture content or the degree of saturation. The relationship between 
suction and degree of saturation can be expressed by SWCC. The SWCC for 
absorption process and exsorption process is different. When the suction is the 
same, the degree of saturation is higher at exsorption process than that at 
absorption process and this phenomenon is called hysteresis. The typical SWCC 
for the absorption/exsorption is shown in Figure 3.11. 
 
 
Figure 3.11: Typical absorption and exsorption behaviours (after ABAQUS 
manual, (2014)) 
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There are two main lines in the Figure 3.11, one is the absorption line which 
describes the process of soil from totally dry to the saturated; the other is the 
exsorption line which describes the process of soil from the saturated to totally 
dry. The scanning line describes the process of soil start drying or wetting from 
partial saturated.  
 
In ABAQUS, the absorption and exsorption behaviours can be defined by the 
following equations: 
 
𝑢𝑤 =
1
𝐵
𝑙𝑛 [
(𝑆𝑟 − 𝑠0)
(1 − 𝑠0) + 𝐴(1 − 𝑆𝑟)
]  𝑓𝑜𝑟 𝑠1 ≤ 𝑆𝑟 ≤ 1 (3.87) 
 
and 
 
𝑢𝑤 = 𝑢𝑤|𝑠1 −
𝑑𝑢𝑤
𝑑𝑆𝑟
|
𝑠1
(𝑠1 − 𝑆𝑟)  𝑓𝑜𝑟 𝑠0 ≤ 𝑆𝑟 ≤ 𝑠1 (3.88) 
 
where 𝐴 and 𝐵 are positive material constants, and 𝑠0 and 𝑠1 are parameters used 
to define the lower bound of the saturation values of interest. 
 
ABAQUS provides two ways to define the absorption and exsorption behaviours. 
One is the tabular form which can input the experiment data directly and 
ABAQUS can fit the curve by using the Equation (3.87). The other way is to 
define the constants in Equation (3.87). In this study, the SWCC curves were 
obtained using the Fredlund SWCC device. The results will be presented in 
Chapter 4. 
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3.8.5 Definition of Evapotranspiration and Rainfall 
The soil moisture flows in/out at both the soil surface and the deep soil root zone. 
The ground surface in the Glenroy experimental site is covered by grasses. The 
surface moisture exchange includes the soil moisture evaporation, the 
transpiration of the grass, the rainfall infiltration and irrigation. As discussed in 
Chapter 3, the moisture loss from the soil to air can be counted as one term 𝐸𝑇0 
which can be defined by FAO evapotranspiration equation. The rainfall and 
irrigation will be considered separately. ABAQUS provide a “surface pore fluid” 
load type to allow for determining the fluid flow in/out at the surface of a porous 
material. ABAQUS provide many subroutines that enable users to make 
complicated settings for their models, and the subroutines can be written in 
FORTRAN programming language. “Surface pore fluid” load is part of the 
subroutine *DFLOW which means distributed flow, used to define the variation 
of the pore fluid effective velocity as a function of position, time, pore pressure 
and void ratio.  
 
The total root water uptake rate is equal to tree transpiration rate (𝑇𝑝) which is 
obtained by sap flow meter. The total root water uptake volume distributes in the 
root zone, and the magnitude is a function of pore pressure. 
 
3.8.6 Moisture Swelling 
ABAQUS provides the moisture swelling model which allows for defining the 
volumetric swelling of the porous medium's solid skeleton as a function of the 
degree of saturation of the wetting liquid in unsaturated flow conditions. The 
swelling behaviour is assumed to be reversible. The measured moisture swelling 
data can be input as tabular form. Moisture swelling strain and degree of 
saturation are assumed as logarithmic related. The logarithmic measure of 
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swelling strain is calculated based on the initial saturation so that 
 
𝜀𝑖𝑖
𝑚𝑠 = 𝑟𝑖𝑖
1
3
(𝜀𝑚𝑠(𝑆𝑟) − 𝜀
𝑚𝑠(𝑆𝑟
𝐼)) (3.89) 
 
where 𝜀𝑚𝑠(𝑆𝑟) is the volumetric swelling strain at the current degree of saturation 
and 𝜀𝑚𝑠(𝑆𝑟
𝐼) is the volumetric swelling strains at the initial degree of saturation. 
The range of degree of saturation is 0 ≤ 𝑆𝑟 ≤ 1. 
 
3.8.7 Finite Element Analysis 
The numerical analysis of ABAQUS adopts Finite Element Method. In this root-
soil interaction analysis model, the element type is pore fluid/stress (C3D8P).  
 
The *SOILS analysis type is used to solve the coupled pore fluid diffusion and 
stress problem. In the *SOILS analysis step, there are two stages:  
• STEADY STATE is applicable to the long period situation that pore fluid 
can diffuse slowly. This stage is used to balance the ground stress under 
geostatic load, and ensure the water uptake analysis begins from a state of 
equilibrium.  
• TRANSIENT CONSOLIDATION is used for the situation which needs to 
consider the transient effect of pore fluid diffusion, such as the root zone 
water uptake or rainfall infiltration, which can increase or decrease the 
moisture content at some portion of the soil. This analysis type is a time-
dependent, for instance the local moisture content in root zone changes 
with time. 
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Because of the transient problem involves the time integral of the diffusion effect, 
the minimum time increment is necessary to be defined. In ABAQUS, the 
integration program introduced a relationship between the minimum useable time 
increment and the element size as follows: 
 
∆𝑡 >
𝜌𝑤𝑔𝑛0
6𝑘𝑠𝑘
𝑑𝑠
𝑑𝑢𝑤
(∆𝑙)2 (3.90) 
 
where 𝑛0  is the soil initial porosity, ∆𝑙 is a typical element dimension. If time 
increments smaller than these values are used in a mesh, spurious oscillations 
may appear in the solution. If the incensement time is required smaller than the 
calculated one, a finer mesh is required. Because the integration procedure is 
unconditionally stable, there is no upper limit on the time increment size unless 
convergence problems occur, which means the requirement of calculation 
accuracy will limit the time increment size. 
 
3.9 Summary 
The concept and theory for solving climate-tree root-unsaturated soil interaction 
problem have been presented in this chapter. The whole process of the tree root -
soil interaction model is very complex. This model includes meteorology 
conditions, tree water uptake, water flow in unsaturated soil and the constitutive 
relation of unsaturated soil. 
 
Meteorology conditions are very important because it is the original driving force 
of the whole process. It can influence every step in the system such as the water 
evaporation from the soil surface and the transpiration of the grass and tree. The 
FAO (1998) reference evapotranspiration equation has been adopted to calculate 
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the evapotranspiration of grassed ground surface based on meteorology data, for 
simulating the water loss from the shallow layer of soil.  
 
A root water uptake model that considers transpiration of tree, root density 
distribution, water stress and salinity stress has also been proposed. The 
numerical analysis of the developed root-soil interaction model by using the 
ABAQUS finite element code has been described. The Mohr-Coulomb plasticity 
model has been chosen for this study. The plastic behaviour of Mohr-Coulomb 
model in ABAQUS is different from the typical Mohr-Coulomb model. 
Compared with the typical one, the Mohr-Coulomb model in ABAQUS has a 
smooth plastic potential surface and the different definition of deviatoric 
eccentricity ( 𝑒 ). Then the theory of the coupled pore fluid diffusion and 
deformation of the unsaturated soils based on the effective stress concept has 
been presented. A continuity flow equation is needed to couple flow and 
deformation. The continuity flow equation can be described as the net inflow rate 
in a soil element is equal to the increase rate of the fluid volume in this element. 
The water flow of unsaturated soil is described by Forchheimer’s law. The soil 
moisture evaporation, the grass transpiration, the rainfall infiltration and irrigation 
can all be considered in the numerical model.  
 
A number of numerical models about the drying effects of tree roots on clay soils 
have been proposed recently. However, the input parameters (e.g. the 
transpiration rate of tree and soil permeability) used in these numerical models 
were estimated rather than measured. In this study, all key input parameters and 
soil properties were obtained from either field measurement or laboratory testing. 
For example, the transpiration of the tree was measured using sap flow meters 
and SWCC was determined by using a suction controlled oedometer. The details 
of field experiments and laboratory tests are given in the following chapter.  
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Chapter 4  
Field Monitoring Program and Laboratory Tests  
4.1 Introduction  
Trees are beautiful objects and play an important role in creating an attractive, 
liveable and sustainable city. Street trees provided by local government 
authorities offer us important practical benefits: they improve the streetscape, 
they reduce noise and stormwater runoff, they remove pollutants from the air and 
lower radiated heat from the road, and they provide valuable habitat for fauna and 
extend the urban wildlife corridor. Homeowners enjoy gardens with shrubs and 
trees as they enhance the aesthetic appearance, screen unsightly views, provide 
shading and cut energy costs. The values of houses where there are shrubs and 
trees are higher than where there are not (Li, 2016). However, trees may cause 
damage to buildings, pavements and other structures in urban environments, 
through the extraction of moisture from clay soils which causes deep drying 
effects.  
 
Although the effects of trees on soil desiccation have been of geotechnical 
interest for well over half a century, attempts to quantify them are inadequate and 
attempts to model them are few and relatively crude. This is because the physical 
processes and arrangements involved are complex, and the measured data 
available to formulate and calibrate models is similarly scarce (Fityus and 
Cameron, 2007). 
 
A literature review of the past 60 years of research into the desiccation of clay 
soils by trees and its effects on buildings showed that most past investigations had 
been of a short-term nature and had not adequately considered the variable annual 
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effects of atmospheric and hydrological causes of soil desiccation and 
rehydration. Very few studies extending over periods of a year or more have been 
undertaken (Blight, 2009). 
 
In this study, a field site was established in 2011 near Melbourne, Australia, as 
part of a long-term study of the shrinkage settlement caused by tree root drying 
and its effects on the residential buildings. The primary objectives in establishing 
the field site were to collect high-quality field data that can be used to evaluate 
and develop numerical models for soil drying by trees and to develop an 
improved understanding of the physical processes that drive tree root-expansive 
soil interaction. The site was extensively instrumented to allow measurement of 
relative humidity, solar radiation, wind direction and speed, rainfall, sap flow of 
trees, soil water content, soil suction and ground movements to depths of 2 m. A 
series of laboratory tests to complement the field data were conducted during the 
initial site investigation and on soil specimens taken from the field site at various 
times. 
 
In this chapter, the site selection and conditions are first introduced. The site 
arrangement and instrumentation are presented in succession. The laboratory 
testing program and results are also presented and discussed. 
 
4.2 Field Experiments 
4.2.1 Site Selection 
The field site was set up in May 2011 in Glenroy East, approximately 13 km 
north of Melbourne CBD. The location of the site is shown in Figure 4.1. The 
Glenroy site was selected for this study because the geology is typical of many 
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existing and new residential housing estates in Melbourne and is representative of 
basaltic clay. The basaltic clays in Melbourne metropolitan areas are highly 
reactive and undergo appreciable volume change when subjected to soil moisture 
changes. A basaltic clay site is generally classified as Class H (i.e. highly 
reactive) or Class E (i.e. extremely reactive) in accordance with Australian 
Standard AS 2870 (2011). The reason for the large volume change in response to 
changes in soil moisture content is the presence of montmorillonite clay mineral 
in the basaltic clays (Srithar, 2014). A considerable area, especially the northern 
and western suburbs of metropolitan Melbourne, is covered by basaltic clays, 
mostly derived from complete weathering of the basalt rock of the Newer 
Volcanics formation. A geological map of Victoria showing the area of Newer 
Volcanics formation is shown in Figure 4.2. 
 
 
Figure 4.1: Location of the field site 
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Figure 4.2: Geological map of Victoria and the location of Glenroy site (source - 
Department of Primary Industries) 
 
The other major factors that must be considered when selecting a site for the field 
experiments are the need to ensure site access for a period of at least three years 
and protection of instrumentation in an urban setting. As shown in Figure 4.1, the 
site chosen for field experiments is in an urban area, with residential and 
commercial development. A 1.5 m high solid brick wall was built at the front of 
the property to protect instrumentation. The use of the site for a period of at least 
five years was negotiated with the property owner. 
 
Figure 4.3 shows the general plan of the experimental site at Glenroy. The site is 
nearly flat, approximately 45 m long and 20 m wide. The house on the site is 
approximately 40 years old and is of single storey full masonry construction.  
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Figure 4.3: General plan of the field site at Glenroy (not to scale) 
 
4.2.2 Soil Profile and Properties 
Four boreholes were drilled to a depth of approximately 3 m during the initial site 
investigation. The typical geotechnical profile for the Glenroy site is given in 
Table 4.1. The soil profile across the site was relatively uniform. The average soil 
profile can be described as 0.12 m of sandy silt top soil underlain by high 
plasticity silty clay to a depth of approximately 2.5 m, then highly to extremely 
weathered basalt with high strength basalt encountered below 2.9 m (Li et al., 
2014). 
104 
 
 
Table 4.1: Description of Typical Soil Profile at Glenroy Site 
Depth (m) Soil Description 
0.00 – 0.12 Sandy Silt (ML), dark grey, moist 
0.12 – 1.00 Silty Clay (CH), dark grey with pale grey mottling, stiff/moist 
1.00 – 1.65 Silty Clay (CH), becoming pale grey, some fissuring, very stiff/moist 
1.65 – 2.50 Silty Clay (CH), becoming friable, moist 
2.50 - 2.9 Quaternary Basaltic Clay, highly weathered, pale brown, trace 
calcareous material 
2.9 Auger refusal on high strength basalt 
 
 
 
Figure 4.4: Properties of Glenroy soil 
 
According to Australian Standard for Residential Slabs and Footings AS2870 
(2011), the design depth of suction change, Hs and the surface suction change, ∆u 
at Glenroy site can be taken as 2.3 m and 1.2 pF respectively. Shrink-swell tests 
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were conducted in accordance with AS 1289.7.1.1 (1992) and the results are 
presented in Figure 4.4. It should be noted that a shrinkage index of 4%/pF would 
be regarded as a highly expansive soil, 6%/pF very highly expansive and 8%/pF, 
an extremely expansive soil. Figure 4.4 also shows profiles of plastic limits and 
liquid limits. The site classification for reactivity (based the predicted surface 
movement, ys, for the site) following AS2870 (2011) is H1 (ie. highly reactive 
with 40 mm < ys ≤ 60 mm). 
 
4.2.3 Site Instrumentation 
A 2.05 m high Eucalyptus ficifiolia and a 2 m high Meyer Lemon tree were 
bought from a local nursery and planted on the site. Eucalyptus ficifiolia was 
chosen for this study because it is widely used as a street tree while the Meyer 
Lemon tree is one of the most popular citrus trees for home gardens.  
 
A site plan showing instrument location is showed in Figure 4.5. A photo of the 
instrumented front yard is presented in Figure 4.6. 
 
The instrumentation installed at the site includes: 
• Automatic weather station; 
• HRM sap flow meters;  
• Neutron moisture probe (soil moisture contents) 
• in situ Psychrometer (soil suction) 
• Ground surface and sub-surface movement probes  
• ECHO 10HS Soil Moisture Sensor  
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Figure 4.5: Instrumentation layout at Glenroy experimental site 
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Figure 4.6: Photograph of the front yard of the experimental site 
 
4.2.3.1 Automatic Weather Station  
A Decagon automatic weather station (Figure 4.7) was installed in the backyard 
of the property to collect meteorological data at the site. 
 
The weather station is seated upon a steel pole fixed to the garage wall, which is 
3m above ground level to ensure that wind flow is unobstructed by trees and 
nearby buildings (Figure 4.8). When calculate the reference evapotranspiration 
rate, all the measured wind speed data have been converted into the wind speed at 
2 meters above the ground by use the Equation (3.5). The weather station is 
battery powered with a solar power panel recharging the battery. Em50 data 
logger can store approximately 3400 readings (about two months of data storage). 
The weather station data are downloaded to a laptop computer monthly and used 
to calculate the daily potential evapotranspiration.  
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Figure 4.7: Decagon weather station installed on the site 
 
 
 
 
Figure 4.8: The weather station mounted to a steel pole (3 m above ground 
surface) 
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The climate data recorded by the Decagon weather station installed on the field 
site have been compared with those obtained from nearby Australian Government 
Bureau of Meteorology (BOM) station. The maximum and minimum daily 
temperatures during the first year of the field monitoring are plotted against date 
in Figure 4.9 and Figure 4.10, respectively. It can be seen that the temperatures 
recorded at the test site compare reasonably well with those from The Melbourne 
airport weather station. 
 
 
Figure 4.9: Maximum Daily Temperature 
 
 
Figure 4.10: Minimum Daily Temperature 
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4.2.3.2 Datum Level  
The nearest Lands Department Benchmark (LDBM) is located more than 100 m 
from the Glenroy site. Since LDBM is not easily accessed from the site, a datum 
level (a deep survey datum) was installed at the front yard of the site (refer to 
Figure 4.5). Figure 4.11(a) shows a diagram of the design of the datum level as 
installed. It consists of a 25 mm diameter galvanised steel rod grouted into 
bedrock at a depth of 5 m in a 120mm diameter bored hole. To isolate the steel 
rod from soil movements, a 100 mm diameter polyvinyl chloride (PVC) tube was 
placed into the bored hole. The annulus between the hole and the PVC sleeve was 
backfilled with bentonite grouts to minimise downward migration of water along 
the borehole. The PVC tube was fitted with a screw cap to provide access to the 
rounded top of the steel rod for levelling.  
 
4.2.3.3 Sub-Surface Movement Probes 
As shown in Figure 4.5, three sub-surface movement probes (at a depth of 0.5m, 
1.0 m and 2.0 m respectively) were installed at the test site. Figure 4.11(b) shows 
a diagram of the design of a typical sub-surface movement probe. It consists of a 
25 mm diameter galvanised steel rod seated within a 90 mm diameter PVC tube. 
The annular space between the boring wall and the PVC pipe was backfilled with 
a slurry of soil/bentonite (90%/10%). The steel rod was fixed to a 65 mm 
diameter steel base plate which was seated directly in contact with the soil in the 
bottom of the hole. A locking cap was installed to protect the benchmark from 
disturbance.  
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Figure 4.11: Details of the datum level and sub-surface movement probes 
 
4.2.3.4 Surface Movement Probes 
A layout showing the arrangement of soil movement probes is given in Figure 4.5. 
Nine surface movement probes were installed at the front yard while only one 
surface movement probes at the backyard. The surface movement probes consist 
of a 170 mm long by 30 mm diameter galvanised steel rod embedded into a 150 
mm diameter by 100 mm high concrete pad. 
 
Ground movements are monitored regularly by using a fully automatic, self-
levelling Spectra Precision laser level capable of 0.01 mm resolution. 
 
4.2.3.5 Movement Probes on External Masonry Wall  
A total of 12 metal survey markers were installed on the external masonry wall to 
monitor the movement of the house. The survey markers, consisting of a steel 
(a) Datum level 
(Seated into the bedrock ) 
(b) Sub-surface movement probe 
(0.5 m, 1 m, 2 m) 
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angle of 15 mm long by 10 mm wide, were fixed to the top of the second 
brickwork course from the ground surface. A layout showing the surveying 
markers around the perimeter of the building is illustrated in Figure 4.12. The 
movement of the external wall is measured using the ZipLevel Pro 2000 high-
precision model manufactured by Technidea Corporation, which is an electronic 
elevation measurement system with 0.2 mm precision (Figure 4.13). The 
displacements obtained from ZipLevel PRO-2000 Altimeter agree very well with 
those measured by using the fully automatic, self-levelling Spectra Precision laser 
level. 
 
 
Figure 4.12: Layout of surveying markers installed on the external wall 
 
 
Figure 4.13: ZipLevel PRO-2000 Altimeter used for monitoring the movements 
of the external masonry wall 
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4.2.3.6 Neutron Moisture Probe Tubes 
Soil moisture contents can be determined by taking disturbed samples from the 
boreholes. However this method cannot be used for long term monitoring of in 
situ soil moistures since making too many boreholes around the same location 
would disturb the distribution of the soil moisture. A Campbell Pacific Nuclear 
(CPN) Model 503DR neutron moisture probe (Figure 4.14) is used to monitor the 
in situ soil moisture variations at the test site. The neutron probe is widely used in 
agriculture, forestry, hydrology and civil engineering, for the measurement of 
water content in a soil mass. The main advantages of this method compared to the 
gravimetric method are: (a) it is non-destructive, (b) it is fast, and (c) repeated 
measurements can be carried out in situ (Li et al., 2003). 
 
As illustrated in Figure 4.15, a neutron moisture gauge consists of a probe 
containing a source of fast, high-energy neutrons that move radially outward from 
the source and a thermal neutron detector, together with the associated electronic 
equipment necessary to supply power and to count neutrons (Li and Cameron, 
2002). The neutron method of measuring soil water content uses the principle of 
neutron thermalization. Soil water content is estimated by lowering the neutron 
source into the ground through the access tube, and counting the number of 
thermalised neutrons that find their way back to the detector (Li and Ren, 2010). 
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Figure 4.14: CPN 503DR neutron moisture probe used in the field monitoring 
 
 
 
Figure 4.15: Schematic drawing of a neutron probe in use (modified from Li et al 
(2003)) 
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As shown in Figure 4.15, measurements with depth are made by lowering the 
neutron probe down an access tube. In this study, aluminium access tubes of 50 
mm external diameter and 2.0 mm wall thickness were installed up to a depth of 3 
m. A total of seven aluminium access tubes were installed to monitor the moisture 
patterns of the soils at various distances from trees: six access tubes were 
installed at the front yard and one at the backyard. The layout of the access tubes 
is given in Figure 4.5. All access tubes are sealed at the bottom and fitted with a 
screw cap at the top end to prevent the ingress of rain and debris.  
 
In order to calibrate the neutron probe readings for volumetric moisture contents, 
the soil moisture contents need to be measured independently from the neutron 
probe. The thin-walled steel tubes of 70 mm in length and 50 mm in diameter 
were used to collect the undisturbed soil samples close to the access tubes. Each 
tube had a sharpened outward-facing edge to allow easier penetration of the soil. 
After being removed from the ground using an auger, the thin-walled tube was 
immediately sealed in an air-tight jar to maintain the soil moisture content. Whilst 
still in the tube, each exposed surface of the soil was cut flush with the ring end. 
This causes minimal disturbances to the soil density. The measured soil 
volumetric moisture contents were used to develop the required calibration curve. 
 
4.2.3.7 In-situ Psychrometer  
Wescor’s in situ soil psychrometers (model PST-55) were installed at the site. 
These devices were buried within the soil at different depths and different 
distances from tree to monitor the total suction of the soil. The layout of in situ 
psychrometers is depicted in Figure 4.5. The PST-55 sensor is Peltier cooled 
thermocouple psychrometer treated with Corro-Guard to protect the 
psychrometric thermocouple from corrosion in the hostile soil environment. It has 
a stainless-steel screen to allow only the water vapor to enter the sensor. Due to its 
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small size and mass, it equilibrates quickly. To reduce temperature gradient effect 
on the measured soil suction, psychrometers were inserted laterally into the soil 
such that the axis of the psychrometer was parallel to the soil surface.  
 
A dedicated data acquisition system is required to monitor in situ soil 
psychrometers. In this study, a portable PSYPRO Water Potential System from 
WESCOR INC, as shown in Figure 4.16, was used to take readings (suction and 
temperature) from psychrometers. The PSYPRO System has eight input channels 
which allow eight sensors to be measured at the same time. It can measure the 
total suction from -50 kPa (2.71 pF) to 8000 kPa (4.91 pF) with an accuracy of 30 
kPa. 
 
 
Figure 4.16: PSYPRO Water Potential System used to measure in situ soil suction 
 
As with most suction instruments, PST-55 psychrometer needs to be calibrated 
before the field installation. Each psychrometer has some variation in the 
measured suction due to differences in the geometry of the thermocouple junction 
and the nature of the elements surrounding the junction. Calibration accounts for 
small differences between sensors. The calibration of a psychrometer consists of 
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determining the relationship between the measured water potential by PSYPRO 
and the actual water potential. The calibration was conducted by suspending the 
psychrometer probe over sodium chloride solutions with a known total suction 
value (Figure 4.17). A typical calibration curve of a PST-55 psychrometer is 
depicted in Figure 4.18. 
 
 
Figure 4.17: Calibration of psychrometers with sodium chloride solutions 
 
 
Figure 4.18: Typical psychrometer calibration curve 
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4.2.3.8 Soil Moisture Sensor 
A Decagon 10HS moisture sensor (Figure 4.19) was installed at the backyard of 
the test site to monitor in situ volumetric moisture content of the soil near to the 
lemon tree.  
 
The 10HS moisture sensor measures volumetric water content by measuring the 
dielectric constant of the soil using capacitance/frequency domain technology. 
Since the dielectric constant of water is much higher than that of air or soil 
minerals, the dielectric constant of the soil is a sensitive measure of volumetric 
water content. The 10HS moisture sensor can measure volumetric water content 
from 0 to 0.50 m3/m3 (0 to 50% VWC) with an accuracy of 0.02 m3/m3 (2% 
VWC) 
 
 
 
Figure 4.19: Decagon 10HS moisture sensor installed at the test site 
 
4.2.3.9 Sap Flow Meter 
In this research, the SFM1 sap flow meters were used to obtain transpiration rate 
by measuring tree trunk sap flow (Li, Zhou et al., 2014). Figure 4.20 shows a 
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photo of the SFM1 installed on the lemon tree at the backyard of the test site. The 
SFM1 Sap Flow Meter, developed by ICT International, was based on the Heat 
Ratio Method (HRM). This method can measure both sap velocity (𝑉𝑠 ) and 
volumetric water flow in xylem tissue using a short pulse of heat as a tracer. It is 
an improvement of the Compensation Heat Pulse Method (CHPM) by allowing 
very slow and reverse rate of sap flow to be measured. The SFM1 has been 
validated against gravimetric measurements of transpiration (Burgess, Adams et 
al., 2001). 
 
 
Figure 4.20: SFM1 Sap Flow Meters installed on the lemon tree at the test site 
 
The SFM1 from ICT International is a stand-alone sensor designed for long term, 
continuous, unattended logging applications. It consists of a set of three 
measurement needles and an integrated, standalone data logger with Windows 
Graphical User Interface (GUI) software for instrument configuration and data 
downloading (ICT International, 2014). Each meter has an internal 4.2 V (1,000 
mA) lithium polymer, rechargeable battery. A solar panel can be directly 
connected to the non-polarised charging ports to trickle charge the internal battery 
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for long term field monitoring.  
 
The measurement needles of a sap flow meter are made from a surgical grade 
(316) Stainless Steel. The outside diameter is 1.3 mm. Each needle has a strict 
inside diameter tolerance to ensure equal heat dissipation to all measurement 
points. Thermistors are positioned with precision at exactly 7.5mm and 22.5 mm 
from the tip of the measurement needles. Figure 4.21 shows the location of 
needles and thermistors. The upstream and downstream temperature sensors are 
used to measure the ratio of the increase in temperature, following the release of a 
pulse of heat, at points equidistant downstream and upstream from a line heater. 
By measuring the ratio of heat transported between two symmetrically placed 
temperature sensors, the magnitude and direction of water flux can be calculated 
(ICT International, 2014). 
 
 
Figure 4.21: Schematic diagram showing needles installed in a stem 
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Heat pulse velocity Vh is calculated as: 
 
3600
)/ln( 21
x
vvk
Vh   (4.1) 
 
where 𝑘 is thermal diffusivity, 𝑣1 is average increase temperature downstream, 𝑣2 
is average increase temperature upstream, 𝑥  is distance of temperature needles 
from heater needle, 3600 is converting from seconds to hours. 
 
The raw heat velocity values obtained using Equation (4.1) have to be corrected 
for wounding since installing probes in xylem tissue causes substantial 
mechanical damage and interrupt flow pathways. Also intact vessels may become 
occluded as the tree responds to wounding by forming tyloses (Barrett, Hatton et 
al., 1995).  
 
The corrected heat pulse velocity (Vc) can be calculated by the following equation 
(Swanson, 1985): 
 
32
hhhc dVcVbVV   (4.2) 
 
where b, c and d are the coefficients which depend on the wound widths.  
 
Only a portion of xylem tissue contains moving sap. Heat pulse probes effectively 
measure a weighted average of the velocities of moving sap and “stationary” 
wood (Marshall, 1958). Sap velocity Vs can be calculated as: 
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where cV  is the corrected heat plus velocity, b  is the basic density of wood (dry 
weight/green volume), wc  is specific heat capacity of the wood matrix (1200 
J kg−1 ℃−1  at 20 ℃ ), sc is specific heat capacity of sap respectively (4182 
J kg−1 ℃−1 at 20 ℃), cm  is water content of sapwood, s  is the density of water 
(998.207 kg 𝑚−1 at 20 ℃). 
 
Once sap velocity sV  is known, volumetric sap flow (transpiration) can readily be 
determined as:  
 
sapsp AVT   (4.4) 
 
where pT  is transpiration rate (or total sap flow) and sapA  is the cross-sectional 
area of conducting sapwood. The gross wood cross-sectional area is calculated 
from its under-bark radius. Heartwood area is discounted by staining the sapwood 
or by observing the dark colour often associated with heartwood (ICT 
International, 2014). 
 
Knowledge of the sapwood thickness will ensure the sap flow calculated by 
Equation (4.3) is correct, and the measurement points of the SFM1 needles can be 
correctly positioned within the water conducting xylem of the tree. Figure 4.22 
illustrates the variability of sap wood and bark thickness of two different tree 
species. 
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Figure 4.22: Stem cross sections of two different trees (ICT International, 2014) 
 
In order to determine the bark thickness, the depths of sapwood and heartwood, 
fresh weight and volume, and dry weight, two Eucalyptus trees were bought from 
the same local nursery, one was planted at the test site, the other was cut into 
pieces to measure the wood properties (Figure 4.23). The fresh volume was 
determined using Archimedes' principle of displacement by submerging the wood 
sample into the beaker of water on a balance. 
 
 
Figure 4.23: Transverse section of the stem used to determine the sap wood 
 
The sap flow data were downloaded from SFM1 on a monthly base and analysed 
using the software SFT (Sap Flow Tool) purchased from ICT international Ltd. 
The typical output of SFT is illustrated in Figure 4.24 which shows the measured 
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sap flow rate of Eucalyptus ficifolia tree between 8 November and 6 December 
2011.  
 
 
Figure 4.24: Typical output of SFT software 
 
4.3 Laboratory Test Program 
A series of laboratory tests to complement the field data were conducted on soil 
samples taken from the field site at various times. The tests include: (a) soil 
shrink-swell tests, (b) permeability tests, (c) soil suction measurements, (d) 
triaxial tests, (e) shear box tests and (f) suction-controlled oedometer tests (soil 
water characteristic curve, SWCC). 
 
4.3.1 Shrink-swell Index Tests  
In Australia, the site classification for the residential footing design is based on 
𝑦𝑠, the predicted design site surface movement over the life of the building, which 
is based on the design soil suction change profiles for different climatic regions of 
Australia (Li and Cameron, 2002). To calculate 𝑦𝑠 , it is essential to know the 
reactivity or instability index, 𝐼𝑝𝑡. The value of 𝐼𝑝𝑡 is equal to the shrinkage index, 
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𝐼𝑝𝑠, multiplied by a factor  to correct reactivity for the effects of soil cracking 
and overburden pressure. Three testing methods are available to determine the 
shrinkage index 𝐼𝑝𝑠, namely the shrink-swell test, the loaded shrinkage test and 
the core shrinkage test. The shrink swell test was used in this study because it has 
two distinct advantages when compared to the other two methods: (a) both swell 
and shrinkage strains are considered so that the sample may be either very wet or 
very dry; (b) there is no need to measure soil suction values (Li et al., 2016).  
 
The shrink-swell test consists of a swelling test and a core shrinkage test. It 
requires that two soil samples (one for swelling test and another for core 
shrinkage test) tested come from the same tube/core sample with the same initial 
moisture content. In the swell test, a vertical pressure of 25 kPa (or the 
overburden pressure) is applied. The specimen is then inundated with distilled 
water and allowed to swell for a period of 1-2 weeks. The typical results of 
swelling tests are presented in Figure 4.25. It is worth mentioning that if the 
swelling test terminated after 48 hours, the total swelling strain would be 
underestimated by 43% 
 
 
Figure 4.25: Swelling strain versus time (depth = 2.9 m) 
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The core shrinkage test requires an undisturbed cylindrical core sample of a 
diameter of 45-50 mm to be cut and trimmed to a length within the range of 1.5 to 
2 diameters (Li, Zou et al., 2016). The sample is left to air dry and is eventually 
oven dried. Change in both the length and the sample mass are regularly 
measured. 
 
Knowing the oven-dry shrinkage strain, sh  and the swelling strain, sw , the 
shrink-swell index ssI  can be determined by the following equation:  
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Two empirical parameters are introduced in the above equation, i.e. a correction 
factor of 2 for axial swelling test and assumed soil suction change range of 1.8 
pF. The results of the shrink and swell tests are summarised in Table 4.2. 
 
Table 4.2: Results of Shrink-Swell Tests 
Depth (m) Shrink-Swell Index (%/pF) 
0.5 4.9 
0.8 4.4 
1.5 3.0 
1.9 3.1 
2.5 3.1 
2.9 4.2 
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4.3.2 Measurement of Soil Permeability 
The permeability or hydraulic conductivity refers to the rate at which water flows 
through a soil. It depends on the soil density, particle size distribution, pore space, 
and pore size. The numerical modelling of tree root-soil interaction requires the 
quantification of the hydraulic properties of the soil.  
 
The coefficient of permeability of an unsaturated soil is not a constant. Rather, it 
is a variable which is predominantly a function of the degree of saturation or 
suction of the unsaturated soil. Knowledge of the saturated permeability (𝑘𝑠𝑎𝑡) is 
required to estimate the unsaturated permeability coefficient. In this study, the 
saturated permeability coefficient of Glenroy soil was measured using the UMS 
KSat System (Figure 4.26). Sol sample was cut into a steel ring of 50 mm height 
and 80 mm in diameter (Figure 4.27), and saturated with distilled water for about 
one week before the testing. During the saturation stage, a 10 kPa pressure was 
applied to prevent soil swelling. The permeability coefficient also depends on the 
temperature. Therefore, the test was conducted in a constant temperature room. 
 
During the testing (approximately 2-3 days), a plastic membrane was placed on 
the top surface of specimens to prevent soil moisture evaporation (Figure 4.28). 
As shown in Figure 4.29, a sensor at the bottom of the device was used to 
measure the temperature and the water released from the sample. The device 
connected to a computer via USB. The data was automatically taken and stored on 
the computer. The software performs all calculations and makes temperature 
corrections based on the viscosity of water. The measured 𝑘𝑠𝑎𝑡  values are 
presented in Table 4.3. 
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Figure 4.26: UMS KSat Permeameter used in laboratory testing 
 
 
Figure 4.27: Put the sample ring on the ring with porous plate 
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Figure 4.28: Cover sample with plastic membrane to prevent evaporation 
 
 
 
Figure 4.29: Schematic of KSat Permeameter for the measurement of saturated 
hydraulic conductivity, 𝑘𝑠𝑎𝑡 
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Table 4.3: Results of permeability testing 
Depth (m) 𝒌𝒔𝒂𝒕 (m/sec) 
0.3 (Test 1) 2.51 x 10-9 
0.3 (Test 2) 2.23 x 10-9 
1.0 (Test 1) 8.56 x 10-10 
1.0 (Test 2) 8.73 x 10-10 
 
 
4.3.3 Measurement of Soil Suction  
The soil suction is commonly called “total suction”, which have two components, 
namely, matric and osmotic suction. The total suction is a measure of a soil’s 
affinity for moisture. Therefore, “dry” soils which have a higher affinity to absorb 
moisture have high values of kPa (pF), while “wet” soils which have a low 
affinity to absorb more moisture have low values of kPa (pF). A number of 
devices and techniques are available for measuring soil suction, which include 
filter paper, tensiometer, transistor psychrometer, thermocouple psychrometer, 
chiller-mirror psychrometer, thermal conductivity sensor and electrical 
conductivity sensor. 
 
In this project, a series of soil suction and moisture content tests to complement 
the field data were conducted on soil samples taken from the Glenroy site at 
various time over the last five years. The gravimetric water content of the 
disturbed soil was determined using the oven drying method. The soil suction was 
determined by a Decagon WP4C Dewpoint Potentiometer (Figure 4.30) which 
uses the chilled-mirror dewpoint technique to measure total suction. The WP4C 
was calibrated using a 0.5 Molal/kg solution of potassium chloride as per the 
guidelines provided by the manufacturer. WP4C measures total soil suction from 
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0 to -300 MPa with an accuracy of  0.05 MPa for the suction range of 0 to -5 
MPa and 1% for the suction range of -5 to -300 MPa. 
 
 
Figure 4.30: WP4-C Dewpoint Potentiometer used in lab tests 
 
4.3.4 Measurement of Soil Water Characteristic Curve (SWCC) 
The soil water characteristic curve (SWCC) or soil-water retention curve (SWRC) 
defines the relationship between water content and soil suction. The water content 
of the soil can be expressed as gravimetric water content, 𝑤; degree of saturation, 
𝑆𝑟; or volumetric water content, . A SWCC is an important hydraulic property 
related to size and connectedness of pore spaces; hence strongly affected by soil 
texture and structure. It plays a critical role in the numerical modelling of tree 
root-soil interaction since modelling water distribution in unsaturated soil requires 
knowledge of the SWCC.  
 
The suction-controlled oedometer used to determine the SWCC curves of Glenroy 
soil is the GCTS SWCC apparatus (Figure 4.31). It consists of a pressure chamber 
and a loading system. The pressure chamber is capable of withstanding extremely 
high air pressures. The GCTS device uses the axis-translation technique to control 
matric suction in the soil specimen. The pressure panel shown in Figure 4.31 has 
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dual pressure regulators and gauges for maintaining high accuracy in both the low 
and high-pressure ranges. 
 
 
Figure 4.31: Photo of the GCTS SWCC device used in laboratory testing 
 
“Undisturbed” soil samples were obtained from the Glenroy site at the depths of 
0.9 m and 2.5 m respectively by the use of a steel ring of 30 mm high and 70 mm 
in diameter. The sample was saturated with deionized-distilled water for 
approximately 10 days before the SWCC testing. It was then trimmed into a rigid 
steel ring (20 mm in height and 50 mm in diameter) and placed on top of a high 
air entry value (HAEV) ceramic stone. A small seating load of 10 kPa was applied 
to the specimen and kept constant throughout the SWCC test. The HAEV stone 
used in this research has a rated air entry value of 1500 kPa (15 bars).  
 
It is worth mentioning that a SWCC test on clay soil may take 3-5 weeks. This 
long test period makes it possible for air to diffuse from the pressurised side the 
HAEV ceramic stone to other side through the liquid phase in the saturated disc. 
The accumulation of diffused air beneath the ceramic stone can introduce an error 
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in water volume change measurement and reduce the hydraulic conductivity of 
the stone (Li et al., 2007). Therefore, the HAEV ceramic stone was flushed once a 
day during each SWCC test. 
 
The maximum matric suction allowed for the SWCC testes was limited to the air 
entry value of the HAEV ceramic disc (i.e.,1500 kPa). However, for unsaturated 
clay close to or within the trees root zone, the actual SWCC curves might extend 
well beyond the 1500 kPa limit. In this study, the suction range above 1500 kPa 
was obtained by using a vacuum desiccator apparatus and a Decagon WP4C 
Dewpoint Potentiometer. Once the SWCC test was completed and the final mass 
and volume of the soil specimen were measured, the specimen was placed into a 
vacuum desiccator over the salt solutions for approximately 20-30 days. After 
being removed from the desiccator, the volume of the specimen was determined 
and the final suction of the specimen was measured by WP4C.  
 
The SWCC curves for Glenroy soil at the depths of 0.9m and 2.5m are plotted in 
Figure 4.32 and Figure 4.33, respectively. The suction values above 1500 kPa 
were the total suctions obtained using the WP4C. The data has been extrapolated 
to the extreme point by assuming that fully dry soil (i.e., zero water content or 
zero degree of saturation) has a suction of around 1,000,000 kPa. This value is 
supported by experimental evidence and theoretical thermodynamic 
considerations (Li, Sun et al., 2007). A best fitting curve (shown as dashed line) to 
the experimental data using van Genuchten model is also plotted in Figure 4.32 
and Figure 4.33. It can be seen that for both tests, the degree of saturation 
decreased rapidly when suction is greater than 200 kPa. The air-entry value 
estimated from the degree of saturation vs. suction plots is 120 kPa for Sample 1 
(depth = 0.9m) and 150 kPa for Sample 2 (depth = 2.5). 
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Figure 4.32: Degree of saturation versus soil suction for Glenroy soil (depth = 0.9 
m) 
 
 
Figure 4.33: Degree of saturation versus soil suction for Glenroy soil (depth = 2.5 
m) 
 
The SWCC test was also conducted on the reconstituted slurry sample. The soil 
was collected from the test site at a depth of approximately 0.5 m. The collected 
soil was dried in an oven at 105oC, smashed, and then sieved using a 150 m 
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screen to remove all coarse materials and vegetable matter. The soil passing 
through the sieve was mixed with the deionized-distilled and then placed into a 
special purpose preconsolidation cell. After consolidating for about three weeks 
under 55 kPa of vertical pressure, the soil sample was trimmed into a steel ring of 
20 mm height and 50 mm in diameter, and tested using the GCTS SWCC 
apparatus. The advantage of using the reconstituted soil as the testing material is 
that the stress history of the soil has been removed after reconstitution process. 
The SWCC of the remoulded Glenroy clay is plotted in Figure 4.34. The air-entry 
value estimated from Figure 4.34 for the reconstituted soil sample is about 70 kPa, 
lower than that obtained from “undisturbed” soil samples. 
 
 
Figure 4.34: Degree of saturation versus soil suction for remoulded Glenroy soil 
 
4.3.5 Shear Box Testing 
The shear box testing was also performed to determine the soil strength 
parameters, cohesion (c) and internal friction (). “Undisturbed” soil samples 
were obtained by push a 100 mm diameter thin-walled tube into the soil at a depth 
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of 0.5 m. Before testing, the sample was extruded from the tube, and cut/trimmed 
to suit the size of the shear box (60 mm × 60 mm × 200 mm). The results of shear 
box testing are plotted in Figure 4.35. The internal friction angle () and the 
cohesion (c) were calculated to be 34° and 16.8 kPa respectively. 
 
 
Figure 4.35: Shear Stress versus Normal Stress Relationships from Shear Box 
Testing 
 
4.3.6 Triaxial Testing 
Unconsolidated undrained (UU) triaxial testing was conducted on undisturbed soil 
samples collected from the test site at a depth of approximately 0.5 m. A 38 mm 
diameter thin-walled tube was used to collect the soil samples at the same location 
at various times so that the samples have the different initial soil water content 
(suction). Figure 4.36 shows the GDS machine used for traixial testing. The stress 
versus strain relationships from UU triaxial testing are plotted in Figure 4.37. The 
initial elastic modulus, calculated from undrained triaxial tests was 3–8 MPa. 
From Figure 4.37, it can be seen that both the stiffness and strength of Glenroy 
clay are highly dependent on the soil suction. Figure 4.38 and Figure 4.39 show 
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the variation of undrained shear strength with the soil suction and degree of 
saturation respectively. It can be seen that the undrained shear strength tends to 
increase with soil suction while decrease with the degree of saturation. 
 
 
Figure 4.36: GDS triaxial testing system 
 
 
Figure 4.37: Stress versus strain relationships from unconsolidated undrained 
(UU) triaxial testing 
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Figure 4.38: Relationship between the undrained shear strength and soil suction 
 
 
Figure 4.39: Relationship between the undrained shear strength and degree of 
saturation 
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The isotropic consolidation tests were also conducted in a triaxial cell to 
determine the elastic modulus and plastic modulus of Glenroy soil. Before the 
consolidation testing, back pressure saturation method and flushing water method 
were used to saturate the samples. After the saturation. the specimen was first 
consolidated under an isotropical confining pressure of 100 kPa for about two 
days. After the specimen reached to the end of the primary consolidation, a 
confining pressure of 200 kPa was applied. In the next consolidation stage, a 
pressure of 400 kPa was applied to the specimen and maintained for 2 days. The 
specimen was then unloaded to different stress conditions (200 kPa, 100 kPa, 50 
kPa). Each unloading stage last 1-2 days until the specimen reached to a stable 
state. The results of the isotropic consolidation test for “undisturbed” soil are 
plotted in Figure 4.40. Figure 4.41 show the relationships between void ratio and 
net confining pressure for remoulded Glenroy soil which was reconstituted from a 
slurry sample. 
 
 
Figure 4.40: Void ratio vs net confining pressure (“undisturbed” soil) 
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Figure 4.41: Void ratio vs net confining pressure (reconstituted soil) 
 
4.4 Summary 
In order to study the long-term effects of trees on the performance of residential 
structures, a field monitoring site was established in early 2011 in Melbourne. 
Rainfall, solar radiation, relative humidity, wind direction and speed, sap flow of 
trees, soil water content, soil suction and ground movements have been monitored 
on a regular basis for more than five years. The field experiment was 
complemented by a series of laboratory tests, which include Atterberg limits test, 
shrink-swell test, permeability test, triaxial test, shear box test, soil suction 
measurements and the determination of soil water characteristic curves. In this 
chapter, the site selection, establishment and instrumentation have been discussed 
in detail. The field monitoring results will be presented and discussed in the 
following chapter. 
 
  
141 
 
Chapter 5  
Field Monitoring Results 
5.1 Introduction  
The field site selection, arrangement and instrumentation have been described in 
the previous chapter. The laboratory tests and the soil properties at the Glenroy 
site were also described in detail in Chapter 4. The main aim of the Glenroy field 
study is to collect long-term, high quality field data with which to check current 
design method for residential footings and to develop an improved understanding 
of the physical processes that drive tree root-expansive soil interaction. In this 
chapter, the monitoring results obtained from the Glenroy site since May 2011 are 
presented and discussed. 
 
5.2 Climate Data  
Soil moisture (suction) changes at a site are determined by the prevailing climate 
and the site environment such as vegetation and drainage, etc. Therefore, before 
examining the behaviours of unsaturated soils and water uptake by trees at a 
particular site, it is useful to make a general assessment of the role played by the 
climate in driving changes in soil moisture state and water demand by trees at the 
site. 
 
Glenroy has a mild, temperate climate with warm to hot summers, mild autumns, 
cool to cold winters and cool springs. According to the BOM’s climate data from 
1939 to 2011, the Glenroy site is characterised by pronounced seasonal variations 
with a mean minimum temperature of 5.2o in the coldest month (July) and a mean 
maximum temperature of 26.3o in the hottest month (January). The annual 
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average precipitation is around 590 mm, and annual average sunshine is about 
2,373 hours over the period of 1939 – 2011 (Li, Zhou et al., 2014).  
 
The geography of the site is also needed to evaluate evapotranspiration. The site 
has latitude of 37° 42' 6.6" S and longitude of 144° 56' 0.9" E. The elevation 
above sea level is about 78 m. 
 
5.2.1 Temperature  
Collecting weather data from on-site weather station started from May of 2011. 
Figure 5.1 shows the maximum and minimum daily temperature recorded at the 
Glenroy site from May 2011 to December 2016. The mean minimum temperature 
and mean maximum temperature are 9.8o and 24o respectively. The highest 
(maximum) temperature of 43.2o and the lowest (minimum) daily temperature of 
0.1o occurred on 17 January 2014 and 20 July 2015 respectively. Maximum and 
minimum temperatures are required for calculating evapotranspiration by the 
ASCE Standardized Penman-Monteith method. 
 
 
Figure 5.1: Maximum and minimum daily temperature at Glenroy field site 
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5.2.2 Rainfall  
The daily rainfall data collected from the Glenroy site are plotted in Figure 5.2 to 
Figure 5.7. Over the period between 12 May and 31 December 2011, 599 mm of 
rain was recorded which was close to the annual rainfall of 678 mm.  
 
From 2011 to 2016, the annual precipitation at the Glenroy varied between 401 
mm (in 2015) to 614 mm (in 2016). The mean annual precipitation for this period 
is 522 mm, which is less than the mean precipitation of 590 mm for the period of 
1939-2011.  
 
 
Figure 5.2: Daily rainfall recorded during the 1st year (May –December 2011) 
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Figure 5.3: Daily rainfall recorded during the 2nd year (2012) 
 
 
 
Figure 5.4: Daily rainfall recorded during the 3rd year (2013) 
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Figure 5.5: Daily rainfall recorded during the 4th year (2014) 
 
 
 
Figure 5.6: Daily rainfall recorded during the 5th year (2015) 
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Figure 5.7: Daily rainfall recorded during the 6th year (2016) 
 
 
5.2.3 Solar Radiation 
Solar radiation is radiant energy emitted by the sun which provides the largest 
source of energy to heat the leaves and speed up the vaporization of water from 
stomata. Solar radiation data are required to calculate evapotranspiration. 
Evapotranspiration increases along with the increase of solar radiation. Figure 5.8 
to Figure 5.13 present the solar radiation data since May 2011. It can be seen that 
solar radiation received in summer was 2-3 times higher than that in winter. 
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Figure 5.8: Solar radiation recorded during the 1st year (May – December 2011) 
 
 
Figure 5.9: Solar radiation recorded during the 2nd year (2012) 
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Figure 5.10: Solar radiation recorded during the 3rd year (2013) 
 
 
Figure 5.11: Solar radiation recorded during the 4th year (2014) 
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Figure 5.12: Daily rainfall recorded during the 5th year (2015) 
 
 
Figure 5.13: Solar radiation recorded during the 6th year (2016) 
 
5.2.4 Evapotranspiration 
Based on the recorded weather station data, daily reference evapotranspiration 
(mm/day), ET0 can be calculated by the following equation: 
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(5.1) 
 
where 𝑅𝑛 (MJ/m
2/day) is the net radiation at the crop surface; 𝐺 is the soil heat 
flux density at the soil surface; 𝑇 (°C) is the mean daily or hourly air temperature; 
𝑢2 (m/s) is the mean daily or hourly wind speed at 2 m height; 𝑒𝑠 (kPa) is the 
mean saturation vapour pressure, for daily computation, which is computed as the 
average of 𝑒𝑠 at maximum and minimum air temperature; 𝑒𝑎  (kPa) is the mean 
actual vapour pressure; 𝛥 is the slope of the vapour pressure-temperature curve; 𝛾 
is the psychrometric constant.  
 
Six important parameters are required to calculate ET0 , which include 
temperature, wind speed, humidity, solar radiation, latitude of weather station and 
duration of sunshine hours in a day. For simplification, 2.45MJ/kg is used for 
latent heat of vaporization and 0.23 is adopted for albedo of reference surfaces. It 
assumes the height of wind measurement (𝑧𝑤) and the height of humidity or air 
temperature measurement (𝑧ℎ) are measured in a range of 1.5 to 2.5 m above the 
ground.  
 
Figure 5.14 to Figure 5.19 presents daily reference evapotranspiration (mm/day) 
which was determined by the ASCE Penman-Monteith equation (Equation (5.1)). 
It can be seen that daily reference evapotranspiration peaked through summer 
(December – February) and was far less during winter (June – August). Reference 
evapotranspiration can indicate the trend of transpiration of a tree. 
 
The monthly rainfall and evaporation over the field monitoring period of 2011 -
2016 are presented in Figure 5.20. These data are required to establish an 
appropriate surface boundary condition in the numerical simulation of climate-
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tree-soil interaction. 
 
 
Figure 5.14: Daily evapotranspiration during the 1st year (May –December 2011) 
 
 
Figure 5.15: Daily evapotranspiration during the 2nd year (2012) 
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Figure 5.16: Daily evapotranspiration during the 3rd year (2013) 
 
 
 
Figure 5.17: Daily evapotranspiration during the 4th year (2014) 
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Figure 5.18: Daily evapotranspiration during the 5th year (2015) 
 
 
 
Figure 5.19: Daily evapotranspiration during the 6th year (2016) 
 
154 
 
 
Figure 5.20: Monthly rainfall and evaporation at Glenroy site (2011 – 2016) 
 
5.3 Transpiration and Water Uptake by Trees 
Although there is good information available on tree water use and 
evapotranspiration in agriculture and forestry, similar information for ornamental 
plant species typical of those in an urban environment is very limited. A measure 
of the transpiration of plant is necessary to fully understand and explain water 
uptake by different tree species. 
 
Transpiration is the process of water loss from a plant in the form of water vapor. 
Water is extracted by plant roots from the surrounding soils and transported as a 
liquid to the leaves via stems, branches and twigs. In the leaves, small pores allow 
water to escape as a vapor. Of all the water absorbed by plants, more than 95% is 
lost in the form of transpiration from leaves and less than 5% remains in the plant 
for growth. 
 
In this study, the SFM1 sap flow meter was used to obtain transpiration rate by 
measuring tree trunk sap flow. The SFM1 was developed by ICT International 
based on the HRM principle. Heat Ratio Method (HRM) is an improvement of the 
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Compensation Heat Pulse Method (CHPM) by allowing very slow and reverse 
rate of sap flow to be measured (Li, Zhou et al., 2014). Both sap velocity and 
volumetric water flow in xylem tissue can be measured using a short pulse of heat 
as a tracer. 
 
5.3.1  Eucalyptus Ficifolia in the Front Yard 
As described in the previous chapter, a 2.05 m high Eucalyptus ficifolia was 
planted in the front yard of the Glenroy site. The sap flow rate of the tree has been 
monitored by using SFM1 sap flow meter. Reading is taken every 30 minutes 
since May 2011. The typical results are presented in Figure 5.21 to Figure 5.23. 
The measured sap flow rate ranged from 4 to 120 cm3/hour during the first year. 
The tree sap flow rate increased as the tree grows. From Figure 5.23, it can be 
seen that during the sixth year, the measured sap flow rate varied from 200 
cm3/hour (in winter) to 1310 cm3/hour (in summer). 
 
 
Figure 5.21: Measured sap flow rate (cm3/h) of Eucalyptus (May 2011 - Jan 
2013) 
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Figure 5.22: Measured sap flow rate (cm3/h) of Eucalyptus (Oct 2014 - Oct 2015) 
 
 
Figure 5.23: Measured sap flow rate (cm3/h) of Eucalyptus (Dec 2015 - Dec 
2016) 
 
Figure 5.24 shows the diurnal variation of sap flow rates of Eucalyptus tree from 
2 to 13 December 2015. The solar radiation of the same period is also plotted in 
Figure 5.24 for comparison. As shown in Figure 5.24, diurnal courses of sap flow 
exhibited a bell shape curve, flow rates began to rise from a low value 
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(approximately 150 cm3/h) after sunrise, reached a maximum around 12:00 noon, 
then decreased gradually to 150 cm3/h until midnight. As expected, the sap flow 
closely correlated with changes in solar radiation since sunlight can directly affect 
the opening and closing of plant stomata. However, the measured sap flow rates 
were much higher than the solar radiation on 7th December 2015 although the 
change patterns of both curves are very similar. The recorded weather data show 
that 7th December 2015 was a cloudy (level of 8 which is the highest level) day 
with zero hour sunshine and low relative humidity (ranging from 26% to 61%). In 
other words, the transpiration of a plant can also be influenced by other climate 
indices such as temperature, wind speed, relative humidity, air pressure, 
atmospheric flow (bring heat from other places) etc.  
 
 
Figure 5.24: Diurnal variation of sap flow rate and solar radiation from 2 to 13 
December 2015 
 
Nocturnal sap flow (𝑄𝑛) is the night-time movement of fluid within the sapwood 
of a plant’s root, stem or branch (Forster, 2014). It is a long-held assumption that 
stomata close at night in the absence of light, causing night-time sap flow 
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movement to decrease to zero. Most sap flow research has assumed 𝑄𝑛 to be zero.  
Nocturnal sap flow was observed in this study. Figure 5.24 clearly shows that sap 
flow also occurred during night time. From 2nd to 13th December 2015, the 
average total daily sap flow (𝑄) and average nocturnal sap flow (𝑄𝑛) are 4.5L and 
1.2L respectively. In other words, on average, about 26% of total daily sap flow 
occurred during the night. The results clearly indicate that nocturnal sap flow can 
have a significant contribution to total daily sap flow. Ignoring nocturnal sap flow 
would lead to the underestimation of water uptake by plants.  
 
The measured daily transpiration and daily reference evapotranspiration for the 
first year are plotted in Figure 5.25. The transpiration and water uptake by 
Eucalyptus generally increases along with the increase of evapotranspiration. 
 
The measured daily transpiration of Eucalyptus tree from 19 May 2011 to 5 
January 2013 is plotted in Figure 5.26. The volume of water used daily by the tree 
can be read directly from Figure 5.26. The Eucalyptus ficifolia tree, bought from a 
local nursery, was planted at the test site in May 2011. During the first year, this 
tree was transpiring around 0.2 L per day in winter (between June and early 
September 2011). Once the warm weather occurred, transpiration increased to 
0.8-1 L per day (during October and early December 2011). The daily water 
uptake by this tree increased to 0.7-1.3 L per day in the second winter (between 
June and early September 2012) 
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Figure 5.25: Daily reference evapotranspiration and sap volume during the 1st 
year 
 
 
Figure 5.26: Measured daily transpiration of Eucalyptus 
 
The measured tree height and diameter (at the height of 0.7m from ground, just 
above the sap flow meter) are plotted in Figure 5.27. From Figure 5.28, it can be 
seen that the measured daily transpiration increased with the diameter of tree.  
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Figure 5.27: Height and diameter of tree 
 
 
Figure 5.28: Measured daily transpiration and diameter of tree 
 
The monthly and annual water consumption by the Eucalyptus ficifolia tree can 
also be estimated from the readings of sap flow meter. A typical result for the 
period of 1 November 2014 to 1 April 2015 is shown in Figure 5.29. 
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Figure 5.29: Cumulated sap flow volume (cm3). 
 
5.3.2 Lemon Tree in the Back Yard 
In addition to Eucalyptus ficifiolia tree at the front yard, a 2 m high Meyer lemon 
tree was planted in the backyard of the Glenroy site, approximately 30 m away 
from Eucalyptus ficifiolia. The Meyer lemon tree is one of the most popular citrus 
trees for home gardens in Australia. The measured sap flow rates and daily 
transpiration of the lemon tree from May 2011 to September 2012 are plotted in 
Figure 5.30 and Figure 5.31. Water activity (sap flow rate) indicated that the 
Meyer lemon tree was healthy and grew very well from May 2011 to April 2012. 
The tree was infected with gall wasps (also called gallflies) which caused a slow 
decline of the tree’s health. A negative sap flow which indicates reverse sap flow 
was observed in August 2012. The accumulation of water debt or water loss 
caused the death of the lemon tree. It seems that continuous monitoring of the sap 
flow of the tree can be used for assessing the plant’s health and prediction of plant 
mortality just as the heart rate of a patient is continuously monitored with an 
electrocardiogram (ECG) in a hospital. 
162 
 
 
 
Figure 5.30: Measured sap flow rate (cm3/h) of lemon tree (May 2011 - 
September 2012) 
 
 
 
Figure 5.31: Measured daily transpiration of lemon tree (May 2011 - September 
2012) 
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5.4 In-situ Soil Moisture and Suction Variations  
The neutron moisture probe has proven to be an effective means for long-term 
monitoring of changes in soil moisture contents (Li and Ren, 2010). In this study, 
the in situ soil moisture content has regularly been measured by using a CPN 503 
Hydroprobe (neutron probe) since May 2011. The readings were taken at 0.02 m 
intervals for the top 1 m of soil and at 0.5 m interval over the remaining depth up 
to 3 m. Figure 5.32 and Figure 5.33 show the extremes of moisture content 
measured with the neutron probe at various locations. It should be pointed out that 
aluminium access tube was installed to a depth of 2.5 m only at the location of 
NP1 (refer to Figure 4.5), approximately 0.5 m away from the Eucalyptus ficifolia 
tree. The volumetric moisture content change profiles shown in Figure 5.32 and 
Figure 5.33 represent the upper and lower envelopes of all readings taken at each 
depth from May 2011 to December 2016. Intermediate values were omitted for 
clarity.  
 
   
Figure 5.32: Comparison of volumetric moisture content change profiles at 
various distances from Eucalyptus ficifolia, graph (a-b) 
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Figure 5.33: Comparison of volumetric moisture content change profiles at 
various distances from Eucalyptus ficifolia, graph (c-f) 
 
Based on the data presented in Figure 5.32 and Figure 5.33, the following 
observation can be made: 
• For all six moisture change profiles, the soil within the upper 0.2 m 
experienced wide changes in moisture content while the soil below a depth 
of 0.4 m experienced relatively smaller moisture content variations. This 
can be attributed to the constraints of the equipment. The neutron probe 
measures the average moisture content in a ‘sphere’ of soil, of variable 
radius between 0.1 m and 0.3 m (decreasing with increasing moisture 
165 
 
content) (Li, Smith et al., 2003). For reading taken at depths of less than 
0.3 m, some of this volume extends above the ground surface where there 
is only air and, hence, the values will be low. 
• The maximum moisture content change at NP5 (3 m away from the tree) 
and NP6 (4.5 m away from the tree) locations became very small at a 
depth of about 2.0 m. Almost no moisture content change occurred below 
the depth of 3 m. 
• The maximum moisture content change adjacent to the tree at NP1 (0.5 m 
away from the tree) and NP3 (1 m away from the tree) also became small 
at 2 m, but then appeared to remain at a small, but consistent, value to a 
depth of 2.5 -3 m. This is consistent with the expectation that tree is able 
to extend the active depth, beyond the depth of seasonally induced 
moisture change. 
• The values at the extremes of moisture content range at NP1, NP2 and 
NP3 (adjacent to the tree) are much lower than those at NP5 (3 m away 
from the tree) and NP6 (4.5 m away from the tree). This is due to the stand 
of tree extracting water all year round and depleting the soil moisture. 
 
The cyclic nature of soil moisture content changes at various depths at NP1 (0.5 m 
away from the tree) and NP5 (3 m away from the tree) are shown in Figure 5.34 
and Figure 5.35 respectively. It can be seen that volumetric moisture contents 
varied with seasonal change and such variations decreased with depth. For 
example, at NP5 location, the moisture content change at a depth of 2 m was only 
approximately 10% of that at near the ground surface. Comparing the volumetric 
moisture contents at NP1 (near the tree) and at NP5 (away from the tree) (see 
Figure 5.36), it is evident that Eucalyptus ficifolia led to a much drier soil 
moisture state near as the result of tree root drying. 
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Figure 5.34: Volumetric moisture content variation with time at NP1 (0.5 m away 
from Eucalyptus ficifolia) 
 
 
Figure 5.35: Volumetric moisture content variation with time at NP5 (3 m away 
from Eucalyptus ficifolia) 
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Figure 5.36: Comparison of volumetric moisture content change at different 
distances from Eucalyptus ficifolia 
 
Gravimetric moisture contents were also measured on samples taken from the 
Glenroy site at various times throughout the study. The measured values are 
plotted in Figure 5.37. The envelopes of gravimetric moisture content profiles are 
similar to those of the volumetric moisture content data in Figure 5.33. From 
Figure 5.37, it can be seen that changes in gravimetric moisture content are 
mainly confined to the top 1.5 m. 
 
The freshly augured soil samples were taken occasionally from boreholes in the 
vicinity of Eucalyptus ficifolia for laboratory determinations of soil suctions. 
Total suction was measured in the laboratory using a thermocouple psychrometer 
(Wescor HR-33T) and dewpoint potentiometer (WP4). The measured values in 
March 2015 and April 2016 are plotted in Figure 5.38. Generally, the greatest 
suction change occurred in the top two meters of soil. The drying influence of the 
tree is evident as the soil suction values near the tree were much larger than those 
away from the tree. 
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Figure 5.37: Profiles of gravimetric moisture (about 2-3 m away from the tree) 
 
 
   
(a)   March 2015                                           (b)   April 2016  
Figure 5.38: Comparison of soil suction profiles 
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Eight in situ soil psychrometers (PST-55) were also installed at different locations 
and depths to monitor the soil suction at the test site. Figure 5.39 shows the 
measured suction values at the open grassed areas (2 – 4.5 m away from the tree). 
The change in total suction ranged from 2.5 to 5 pF (30 - 9700 kPa) in the topsoil, 
and was almost 0 below the depth of 2.2 m. 
 
 
Figure 5.39: Comparison of soil suction profiles 
 
 
5.5 Ground and Footing Movements  
Levelling surveys were used to monitor surface and sub-surface soil movements. 
Nine surface movement probes and three sub-surface movement probes were 
installed on the test site at various distances from the Eucalyptus tree so that the 
influence of tree root drying on ground movement could be evaluated. 
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The measured soil movements at the ground surface at various locations are 
shown in Figure 5.40. The initial level reading was made on 30 May 2011. 
Starting from the beginning of the wet season, the soils at the ground surface 
initially experienced swelling and continued to heave through the winter, and 
started to shrink in October 2011. The ground surface moved up and down in 
response to climate cycles but the soil near Eucalyptus ficifolia experienced a 
larger shrinking settlement compared to the soil at a distance of 4.5m away from 
the tree. The maximum ground movements recorded at the open grassed area (4.5 
m away from the tree) and 0.5 m away from the tree are 47 mm and 55 mm 
respectively. 
 
 
Figure 5.40: Measured ground surface movements at various locations 
 
 
A comparison of monthly rainfall at the field site, measured volumetric water 
contents at the depth of 0.4 m and ground movement at NP 6 (4.5 m away from 
the Eucalyptus ficifolia) is presented in Figure 5.41.  
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(a) Monthly rainfall at Glenroy site 
 
(b) Measured volumetric water contents at 0.4 m deep at NP6 
 
(c) Measured ground surface movements at NP6 (4.5 m from the tree) 
Figure 5.41: Comparison of local rainfall, volumetric water content and ground 
movement at the open grassed areas at Glenroy field site 
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From Figure 5.14, the following observation can be made: 
• There is no apparently consistent pattern in rainfall record and the 
measured volumetric water contents. 
• Loss of moisture has the dominant effect on long-term ground movement 
cycles. For example, little rainfall (approximately 9 mm) in January 2013 
corresponded to relatively severe ground shrinkage movement (-26 mm). 
• The ground movement pattern closely follows the volumetric water 
content change pattern. 
• There is a weaker, but relatively persistent pattern, in the measured soil 
movement at the ground surface of the open grassed area, on an 
approximately annual cycle. With increasing numbers of cycles of swell 
and shrinkage, there was a progressive shifting downward of the curve, 
which indicated an increase in soil shrinkage settlement.  
 
The observed soil movements at the ground surface at various distances from the 
monitored tree are presented in Figure 5.42. It is evident that the soil near 
Eucalyptus experienced a larger shrinking settlement compared to soil away from 
the tree. 
 
 
Figure 5.42: Observed ground surface movements near and away from the tree 
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Deep-seated movements at 0.5 m, 1.0 m and 2.0 m depths below the ground 
surface were also monitored. The locations of surface and sub-surface movement 
probes are illustrated in Figure 4.5. The soil movement with time at the various 
depths is plotted in Figure 5.43. The following observation can be made based on 
the data presented in Figure 5.43: 
• There is no apparently consistent pattern in the observed subsurface 
movement. 
• The swell–shrink pattern of the soil below the ground surface is very 
similar to that at the ground surface. 
• The soil movement decreased with depth. 
 
 
Figure 5.43: Soil movement with time at different depths 
 
The observed ground profiles throughout a monitoring period of 5.5 years are 
plotted in Figure 5.44. Figure 5.44(a) shows the maximum movement recorded at 
various depths relative to initial ground height while Figure 5.44(b) shows the 
total range of the vertical movement. The maximum recorded movement at the 
ground surface is 55 mm. The soil at a depth of 2 m (approximately 1.2 m away 
from the tree) experienced the movement of 12 mm. 
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(a) Max. movements relative to initial height (mm)    (b) Total range of vertical movement (mm) 
Figure 5.44: Ground movement envelopes with respect to depth with time at 
different depths 
 
A level survey was also taken around the perimeter of the building from the top of 
the second brickwork course up from the concrete footing. The measured vertical 
displacements of the external wall are plotted in Figure 5.45. The observed 
movements of the external wall or footing are relatively small, ranging from -2.5 
mm to +2 mm, which suggests that soil desiccation by the tree has no impact on 
the performance of the building. This can be attributed to the fact that the tree is 
still young and is well away from the building (D:Haway = 2). 
 
Figure 5.45: Measured vertical displacements of the external brick walls 
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5.6 Summary  
A field site for the study of the influence of trees on ground movement in 
expansive soil has been established in Glenroy, Melbourne. Since May 2011, 
evapotranspiration and rainfall at the Glenroy site, sap flow of the monitored 
trees, soil moisture content and ground movement have been monitored on a 
regular basis. In this chapter, the results of the field monitoring are presented and 
discussed. The experience gained to date from the field monitoring has shown 
that the SFM sap flow meter is a reliable tool for measuring transpiration and 
water uptake by tree. Many significant observations can be made based the 5.5 
years of data acquired so far. These include the following.  
 
• From 2011 to 2016, the recorded annual rainfall at the Glenroy site ranged 
from 401 mm to 614 mm. The mean annual precipitation is 522, less than 
the mean precipitation of 590 mm for the period of 1939-2011, which 
clearly indicates that Glenroy has experienced a drier climate over the last 
six years. 
• The sap flow rates closely correlated with changes in solar radiation. The 
maximum transpiration of the tree usually occurred around 12:00 noon, 
with negligible transpiration overnight. 
• The measured sap flow of the tree increased as the tree grows. Greater 
transpiration occurred during summer and autumn than in winter and 
spring. 
• Moisture content changes were mainly confined to the upper 2.0 m of the 
soil profile. 
• Similar to the soil moisture variation, the soil movement mainly occurred 
in the top soil layers.  
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• Near the tree, the soil moisture content was significantly lower than at the 
open grassed area. 
• The presence of the tree resulted in an increase in the depth of soil 
moisture variation. 
• The soil near to the tree experienced a larger shrinking settlement 
compared to soil away from the tree. 
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Chapter 6  
Numerical Simulation of the Field Experiment 
6.1 Introduction 
A number of numerical models for the drying effects of trees on soils have been 
proposed recently. All of these models require data relating to tree physiology 
along with soil property parameters. However, most of the models have not been 
calibrated or validated by using the long-term, high-quality field data. As 
discussed in Chapter 3, a numerical model has been developed to study the 
influence of tree root drying on the behaviour of unsaturated soil. The model is 
incorporated into commercial finite element program ABAQUS. In this study, a 
three-dimensional finite element analysis was carried out for back-analysis of the 
field experiment at the Glenroy site. The parameters used in the numerical 
simulation are those obtained from the laboratory tests and field measurement. 
The soil suction profiles and the ground movement predicted by the numerical 
model are compared with the observed results. In this chapter, the results of the 
back-analysis are presented and discussed. 
 
6.2 Site Description 
Figure 6.1 shows the general plan of the experiment site. There is a Eucalyptus 
tree in the front yard and a lemon tree in the backyard. The details of the site 
selection, establishment and instrumentation are discussed in Chapter 4. Given 
that the lemon tree is young and far away from the building (D:Haway > 7), its 
influence on the house can be ignored. In the numerical simulation, the site was 
divided into two parts as shown in Figure 6.1. The front yard (Model 1) includes 
the footing and the Eucalyptus tree. This model was used for tree root-soil-
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footing interaction analysis. The backyard model (Model 2) consists of the lemon 
tree only, which was used to study the impact of the lemon tree on soil moisture 
profiles and ground movement. 
 
 
Figure 6.1: General plan of the experiment site showing the location of trees 
 
6.3 Climate Data 
As part of a long-term study of the effects of climate and trees on the behaviour 
of expansive unsaturated soils and performance of the residential buildings, the 
Glenroy field site was established in early 2011. The site has been monitored 
since May 2011. One of the objectives of the Glenroy field study is to collect 
high-quality field data that can be used to evaluate the numerical model for soil 
drying by trees. In this study, the back-analysis of soil suction distribution, 
ground movement and the performance of the slab footing was conducted. The 
period selected for the back-analysis is from 31rd August 2013 to 11th March 
2014, a total of 193 days which across spring and summer. Climate data recorded 
at the Glenroy site are presented in Figure 6.2 and Figure 6.3. The mean monthly 
temperature and total monthly solar radiation began to rise from September 2013. 
The monthly reference evapotranspiration ( 𝐸𝑇0 ) was computed using the 
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recorded weather data and Equation (3.3). The results are plotted in Figure 6.3 
together with rainfall data recorded during the same period. As can be seen from 
Figure 6.3, the monthly reference evapotranspiration is much higher than monthly 
rainfall over the study period, which indicates that the ground experienced a 
shrinkage settlement due to soil drying. During the dry season, when transpiration 
rate was high, the tree root must feed more deeply to survive, causing greater 
ground movements in the dry season than would be expected at the site without 
the tree. 
 
 
 
Figure 6.2: Mean monthly temperature and total monthly solar radiation at the 
experiment site 
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Figure 6.3: Monthly evapotranspiration and rainfall at the experiment site 
 
6.4 Soil Water Balance  
As described in Chapter 3, the reference evapotranspiration ( 𝐸𝑇0 ) is the 
evaporation and transpiration of the reference grass surface. In the numerical 
simulation, the grass surface of the test site was taken as the reference grass 
surface. The actual evapotranspiration is related with the soil suction. Thus, the 
dryer soil has higher suction and lower evapotranspiration rate. The actual 
evapotranspiration used in the numerical analysis was calculated using Equation 
(6.1) (Aydin et al., 2005). When the soil suction exceeds the air entry value, the 
actual evapotranspiration starts to drop as the soil suction increases, until the soil 
suction reaches to the wilting point. When the wilting point has been reached, the 
transpiration stops since the soil moisture below wilting point cannot be extracted 
by tree roots. The transpiration of grass stops when soil suction is lower than the 
air entry value, and water only evaporates from the ground surface. The saturated 
evaporation rate is equal to the potential evaporation rate. From September 2013 
to March 2014, the soil in the field site maintained an unsaturated state. 
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The actual evapotranspiration, 𝐸𝑇𝑎 can be determined as follows: 
 
𝐸𝑇𝑎 = {
𝐸𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙                    
𝐸𝑇0
𝑙𝑜𝑔𝜓 − 𝑙𝑜𝑔𝜓𝑤
𝑙𝑜𝑔𝜓𝑎 − 𝑙𝑜𝑔𝜓𝑤
0                                   
        
𝜓 < 𝜓𝑎𝑖𝑟
    𝜓𝑎𝑖𝑟 < 𝜓 < 𝜓𝑤
𝜓𝑤 < 𝜓
 (6.1) 
 
where 𝐸𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙  is the potential evaporation rate; 𝐸𝑇0  is the reference 
evapotranspiration rate; 𝜓 is soil suction; 𝜓𝑎𝑖𝑟 is the air entry value and 𝜓𝑤 is the 
wilting point. 
 
The transpiration of the Eucalyptus tree and the lemon tree used in the numerical 
analysis were based on the measured sap flow rates of the trees. There was no 
irrigation event during this period, therefore, surface storage was negligible. The 
soil profiles (Table 4.1) reveal that the shallow bedrock is presented at the site 
and no groundwater below the bedrock. Therefore, according to the water balance 
equation, the water flow at the soil surface can be written as: 
 
𝑆 = 𝑆0 + 𝑅 − 𝐸𝑇𝑎 − 𝑇𝑎 (6.2) 
 
where 𝑆 is the amount of water stored in the soil system, 𝑆0 is the initial amount 
of water stored in the soil system, 𝑅  is rainfall infiltration, 𝐸𝑇𝑎  is the actual 
evaporation and transpiration of the grassed soil surface, 𝑇𝑎  is the actual 
transpiration of the tree. 
 
6.5 Finite Element Model 
The finite element model was created by ABAQUS CAE. It consists of three 
main parts: reinforced concrete footing, soil foundation and tree root zone. The 
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three-dimensional finite element model of foundation soil, as shown in Figure 
6.4, consists of 53,076 nodes and 47,328 eight-node brick elements (C3D8P) with 
trilinear displacement and trilinear pore pressure. The initial and boundary 
conditions are shown in Figure 6.5. The bottom of the model was fixed in such a 
way that no movement is allowed on the boundary. A negative pore pressure of -
1,100 kPa was applied at the bottom boundary based the measured soil suction. 
No horizontal movement is allowed at side boundaries. The total 
evapotranspiration and rainfall during this period were 976.5 mm and 225 mm 
respectively. Both the evapotranspiration and the rainfall rate are applied to the 
surface of the ground part as the flux boundary condition. The daily evaporation 
and rainfall rates are applied to the surface by using amplitude value based on the 
data shown in Figure 6.3. The tree is approximately 5.8 m away from the footing. 
As shown in Figure 6.6, the shape of the root zone is a cone with a diameter of 
1.6 m, and depth of 1 m. The daily transpiration rate used in the numerical 
analysis was based on the measured field data. 
 
 
 
Figure 6.4: Finite element mesh (Model 1) 
 
5 m 
16 m 37.3 m 
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Figure 6.5: Boundary and initial conditions of Model 1 
 
 
Figure 6.6: Three-dimensional model showing tree zone (Model 1) 
 
Figure 6.7 shows the stiffened raft footing used in the numerical analysis. The 
mesh of the concrete footing, as shown Figure 6.8, consists of 11412 nodes and 
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8346 eight-node brick elements (C3D8R). The steel reinforcements in the footing 
were simulated using 2-node linear 3-Dimension truss elements (T3D2). The 
footing includes concrete beams and slab, steel bars in beam and slab mesh. The 
layout of the slab footing is shown in Figure 6.9. The footing details are given in 
Figure 6.10. The beam depth and slab thickness are 500 mm and 100 mm, 
respectively. Figure 6.11 shows the finite element mesh of steel reinforcement in 
beam and slab. The reinforcement bars (3Y12) of the beam are 12 mm in 
diameter, and the diameter of slab mesh (F72) is 7 mm, on a grid of 200 mm 
apart. The parameters of concrete model and steel model are given in Table 6.1. 
 
 
Figure 6.7: Concrete slab footing  
 
 
Figure 6.8: Finite element mesh of the slab footing  
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Figure 6.9: Footing layout 
 
 
 
Figure 6.10: Beam and reinforcement details 
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(a) Steel bars in beams                                        (b) Steel mesh in slab 
Figure 6.11: Finite element mesh of steel reinforcement 
 
Figure 6.12 illustrates the assembly of concrete footing while the locations of 
steel meshes are shown in Figure 6.13. The concrete cover for the slab is 20 mm. 
All steel bars are embedded in the concrete model. Figure 6.14 shows the whole 
model including concrete footing and soil foundation. It is 37.3 m long, 16 m 
wide and 5 m deep. According to the soil profile shown in Figure 4.4, the soil 
foundation was divided into three layers: 2.5 m thick for the top layer; 2.5 - 3 m 
for the middle layer and 3-5 m for the bottom layer. The initial suction (negative 
pore pressure) condition is shown in Figure 6.5, 400kPa at the top surface and 
linearly increased to 2180 kPa at 3 m depth. The numeral back-analysis 
comprises four steps. The first step is the default initial step to create the contact 
between finite-element and apply the boundary conditions. The gravity load is 
applied on both footing part and ground part at the second geostatic step for 
geostress balance. In the third step, a uniformly distributed load of 2 kPa was 
applied on the concrete slab and a line load of 7 kN/m was applied on the edge 
beam to simulate the dead load of the superstructure. After all stress had balanced, 
the actual evapotranspiration of grass surface and the actual transpiration of the 
trees were applied on the model as amplitude in Step Four.  
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Figure 6.12: Assembly of concrete footing and steel reinforcement 
 
 
 
Figure 6.13: Detail of the reinforcement bars assembly 
 
 
 
Figure 6.14: Assembly of reinforced footing and ground 
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The input parameters are summarised in Table 6.1. The soil water characteristic 
curves used in the numerical analysis are presented in Chapter 4 (see Figure 4.32 
and Figure 4.33). The permeability of unsaturated soil, 𝑘 can be expressed as. 
 
𝑘 = 𝑘𝑟 ∙ 𝑘𝑠 (6.3) 
 
where 𝑘𝑠 is the saturated permeability and 𝑘𝑟 is the permeability reduction factor. 
The permeability reduction factor is related to the degree of saturation of the soil, 
𝑆𝑟. Figure 6.15 shows the relationship between 𝑘𝑟  and 𝑆𝑟 which was used in the 
numerical analysis.  
 
 
Figure 6.15: Permeability reduction factor 
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Table 6.1: Parameters of the numerical modelling 
Soil layers 
Parameter 
Layer 1 
(0-2.5 m) 
Layer 2 
(2.5-3 m) 
Layer 3 
(3 – 5 m) 
Description 
𝜸𝒅 
(g/cm3) 
1.3 1.4 1.6 Dry density 
𝒌𝒔 (m/s) 2.4 × 10
−9 2.4 × 10−9 8.6 × 10−10 Saturated permeability 
𝒆𝟎 0.82 0.57 0.51 Initial void ratio 
𝑬 (MPa) 6 8 20 Young’s modulus 
𝝂 0.32 0.37 0.37 Poisson’s ratio 
𝒄′ (kPa) 13 14 15 Cohesion 
𝝋′ (kPa) 25 27 27 friction angle 
𝝍𝒅 120 150 150 𝑆 =  𝑆𝑚𝑎𝑥 
𝝍𝒂𝒊𝒓 120 150 150 Air entry value 
𝝍𝒘 (kPa) 2180 Wilting point of tree 
Concrete 
𝛒 (g/cm3) 2.4 Density 
𝑬 (MPa) 26500 Young’s modulus 
𝝂 0.167 Poisson’s ratio 
𝛙 30 Dilation angle 
𝝐 0.1 Eccentricity 
𝒇𝒃𝟎/𝒇𝒄𝟎 1.67 
The ratio of initial 
equibiaxial compressive 
yield stress to initial 
uniaxial compressive yield 
stress 
𝑲𝒄 0.67 
The ratio of the second 
stress invariant on the 
tensile meridian 
𝝁 0 Viscosity parameter 
Steel 
𝛒 (g/cm3) 7.85 Density 
𝑬 (MPa) 200000 Young’s modulus 
𝝂 0.3 Poisson’s ratio 
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6.6 Results of the Numerical Simulation 
6.6.1 Distribution of Soil Suction 
Figure 6.16 shows the soil suction distributions of the whole three-dimensional 
model at the end of 193 days, which was calculated under the influence of both 
the tree root drying and seasonal changes. Figure 6.17 show the contour plots of 
soil suction distribution within the soil foundation while soil suction profiles 
along the cross-section A-A and B-B are plotted in Figure 6.18 and Figure 6.19 
respectively. It can be seen that the soil near to the root zone was much dryer than 
the soil away from the tree. The influence radius of the tree is approximately 3.6 
m, slightly larger than the tree height. The soil under the slab footing has no 
evapotranspiration hence its suction was relatively lower. 
 
 
Figure 6.16: Suction distribution of Model 1 (the front yard) 
 
(kPa) 
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Figure 6.17: Contour plot of suction distribution within the soil foundation (kPa)  
 
 
Figure 6.18: Suction profile along the cross section A-A (refer to Fig. 6.17) 
 
 
Figure 6.19: Suction profile along the cross section B-B (refer to Fig. 6.17) 
 
 
As shown in Figure 6.20, there are six neutron probe (NP) access holes (NP1-
NP6) in the front yard. The calculated soil suction profiles at four different 
locations (NP1, NP2, NP5 and NP6) are plotted in Figure 6.21. The soil suction 
values which were estimated using the volumetric moisture contents measured by 
(kPa) 
(kPa) 
(kPa) 
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neutron probe and the SWCC curves measured in laboratory are also plotted in 
Figure 6.21. Although there is considerable scatter, the soil suction values 
estimated using the SWCC curves and Van Genuchten equation generally 
followed the trend predicted by the numerical model. The calculated and 
estimated/measured soil suction profiles both show the soil near the tree had a 
higher suction than the soil away from the tree. 
 
 
Figure 6.20: Instrument layout 
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(a) Suction profile at NP1                           (b) Suction profile at NP2 
 
(c) Suction profile at NP5                          (d) Suction profile at NP6 
Figure 6.21: Comparison of calculated suction profiles with the field measured 
results (the front yard)   
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6.6.2 Ground Movements 
From Figure 6.20, it can be seen that the surface movement surveying point NO.1 
is 0.5 m away from the front yard tree while NO.9 is 5.3 m away from the tree. 
The measurement ground surface movements during the simulation period are 
shown in Figure 6.22. The following observations can be made. 
• The measured movement at NO.1 (near to the tree) was 15.5 mm at 31 
August 2013 and -8 mm at 11 March 2014, i.e. the soil at the ground 
surface experienced a shrinking settlement of 23.5 mm.  
• At the NO.9 (the farthest surveying point from the tree), the recorded 
shrinkage settlement was 8.5 mm (-5.5 mm at 31 August 2013 and -14 
mm at 11 March 2014).  
 
Figure 6.23 compare the calculated ground surface movements predicted by the 
numerical model with the measured ground surface movements. The measured 
data of 31/08/2013 has been moved to the coordinate origin for comparison. The 
calculated results indicate that between 31 August 2013 and 11 March 2014, the 
ground surface at No.1 (0.5 from the tree) dropped 23.3 mm, close to the recorded 
value. The ground surface at NO.9 experienced a shrinking settlement of 10 mm 
over the same period, slightly larger than the observed ground movement. 
 
Figure 6.24 shows the predicted ground settlement profile along Section A-B. The 
relative ground movement between Point A and B is approximately 13 mm. It is 
evident that soil near the tree experienced a large shrinkage settlement. 
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Figure 6.22: Measured ground surface movements at pads No.1 and No.9 
 
 
 
Figure 6.23: Comparison of calculated and measured ground surface movements 
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Figure 6.24: Relative ground surface movements (along A-B line) predicted by 
the numerical model  
 
Figure 6.25 shows the measurement soil movements at 0.5 m, 1 m and 2 m depth. 
The following observations can be made. 
• Between 31 August 2013 and 11 March 2014, the soil at 0.5 m, 1 m and 2 
m depth experienced a shrinking settlement of 15 mm (from -14 mm to -
29 mm), 6 mm (from -6.5 mm to -12.5 mm) and 2 mm (from 4 mm to 2 
mm), respectively 
• The soil movement decreased with the depth.  
 
The comparison of calculated and measured sub-surface soil movements over the 
same period are plotted in Figure 6.26. The predicted soil shrinkage settlements at 
0.5 m, 1 m and 2 m depth are 10.9 mm, 4.9 mm and 1.6 mm, respectively, 18%-
27% less than the measured soil movements. 
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Figure 6.25: Measured sub-surface soil movements  
 
 
Figure 6.26: Comparison of calculated and measured sub-surface soil movements 
after 193 days 
 
6.6.3 Behaviours of Slab Footing 
Figure 6.27 shows the contour plot of calculated footing deflection after 193 days. 
It was assumed that at the beginning of the numerical simulation (i.e. on 31 
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August 2013), the initial footing deflection was zero. Since the selected study 
period was in the dry season, the net water flow was negative. Soil moisture lost 
from the ground surface by transpiration and evaporation. However, the slab 
footing prevented the evaporation of moisture from the soil under the house, 
leading the moisture content of the soil near the footing edge lower than the soil 
beneath of the footing. From Figure 6.27, it can be seen that the soil exhibited a 
larger settlement at the edge of the footing which resulted in a so-called “centre 
heave” or “edge shrinkage” mode. The calculated footing deflections along the 
re-entrant corner A-B-C-D, and Sections E-D and F-C are plotted in Figure 6.28. 
It can be seen that the footing deflections are relatively small and the edge of the 
footing experienced a larger settlement. The maximum differential deflection to 
length ratio was 1/6000, well below the recommended maximum limit of 1/400 
for articulated brick veneer construction. The performance of the footing seems 
not influenced by the tree root drying since the tree is well away from the 
building. 
 
 
Figure 6.27: Contour plot of calculated footing deflections at Day 193  
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Figure 6.28: Calculated footing deflections along the re-entrant corner A-B-C-D, 
Sections E-D and F-C  
 
Figure 6.29 shows the contour plot of the maximum principal stress in concrete at 
the top of the concrete slab. The maximum concrete tensile stress was 0.84 MPa, 
less than the concrete tensile strength. The locations of the maximum principal 
stress in concrete are highlighted in Figure 6.29.  
 
The contour plot of the calculated Von Mises stresses in the slab mesh is given 
Figure 6.30. The maximum tensile strength in the steel mesh is 5.5 MPa. The 
maximum tensile stress in the bottom and top steel bars of the beam are 6.4 MPa 
(Figure 6.31) and 1.4 MPa (Figure 6.32) respectively, both occurred at the re-
entrant corner.  
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Figure 6.29: Contour plot of the maximum principal stress in concrete at the top 
of slab at Day 193. 
 
 
Figure 6.30: Contour plot of the calculated Von Mises stresses in slab mesh  
(kPa) 
(kPa) 
201 
 
 
Figure 6.31: The tensile stress in the bottom reinforcement bars of the beams 
 
 
Figure 6.32: The tensile stress in the top reinforcement bars of the beams 
 
(kPa) 
(kPa) 
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6.7 Analysis of Lemon Tree in the Backyard 
As discussed in Chapter 5, the lemon tree in the backyard of Glenroy site died in 
September 2012. A 1.6 m high Meyer lemon tree was bought from the local 
nursery and planted at the same location in the backyard in early 2013 (Figure 
6.33). 
 
 
Figure 6.33: Lemon tree planted in the backyard in early 2013 
 
Figure 6.34 shows the three-dimensional finite element model used for the back-
analysis of the influence of the lemon tree in the backyard of the test site. Model 
2 is 20 m in length, 20 m in width and 5 m in depth. It consists of 93,260 eight-
node brick, trilinear displacement, trilinear pore pressure (C3D8P) elements and 
101,444 nodes. As the same with the front yard back-analysis, the soil profile was 
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divided into three layers, i.e., the top layer from 0 to 2.5 m; the middle layer from 
2.5 m to 3 m and the bottom layer from 3 m to 5 m. The soil properties and input 
parameters were the same as those used in Model 1 (listed in Table 6.1). The 
initial condition, boundary conditions and the location of the lemon tree are given 
in Figure 6.35. The initial soil suction was taken as 320 kPa at the top surface and 
860 kPa at the bottom boundary. The top boundary condition due to 
evapotranspiration and rainfall was the same as the front yard back-analysis. The 
root was located more than 14 m away from the footing. Therefore, the footing is 
ignored in Model 2. The diameter and depth of the root zone were taken as 0.6 m 
and 0.4 m respectively. The daily transpiration rate used in the back-analysis was 
based on the measured data from the site. Because of the root zone of the lemon 
tree is smaller, the mesh of Model 2 is finer than that of Model 1.  
 
 
 
 
Figure 6.34: Finite element model used for the back-analysis of the influence of 
the lemon tree in the backyard (Model 2) 
 
20 m 
20 m 
5 m 
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Figure 6.35: Boundary conditions and initial conditions of Model 2 
 
The 3-dimensional and 2-dimensional contour plots of the soil suction 
distribution predicted by the numerical model are presented Figure 6.36 and 
Figure 6.37 respectively. The numerical results show that the soil near to the 
lemon tree was relative dryer (i.e. with higher suction values) than the 
surrounding soil. The influence radius of the tree root drying was approximately 
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0.9 m. Figure 6.38 shows the calculated soil suction profile at NP 7 (0.5 m away 
from the lemon tree) after 193 days. It can be seen that the soil suction profile 
obtained from the back-analysis compares reasonably good with the measured 
soil suction profile.  
 
 
 
Figure 6.36: 3D contour plot of soil suction distribution at Day 193 (Model 2) 
 
 
 
Figure 6.37: Soil suction profiles around the root zone (Model 2, at Day 193) 
 
(kPa) 
(kPa) 
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Figure 6.38: Comparison of calculated suction profiles with the field measured 
results (the backyard) 
 
Figure 6.39 shows the measurement ground surface movement at the surveying 
pad NO.10 (0.5 m away from the lemon tree in the backyard). The ground surface 
experienced a shrinking settlement of 5.3 mm (from -2 mm to -7.3 mm) over the 
period of from 31 August 2013 to 11 March 2014. The predicted ground 
movement was 4.7 mm, approximately 10% less than the measured value (Figure 
6.40). 
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Figure 6.39: Measured ground surface movements at surveying pad No. 10  
 
 
Figure 6.40: Calculated ground surface movements vs. time (Model 2) 
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6.8 Summary 
The tree root water uptake model proposed in Chapter 3 was included in a 
numerical back-analysis by using the ABAQUS finite-element program to 
examine the distribution of soil suction and the ground movements around a 
Eucalyptus in the front yard and a Lemon tree in the backyard. The performance 
of the concrete slab footing under the influence of both seasonal change and trees 
was investigated as well. The results of the numerical prediction of the soil 
suction distribution and soil movement were compared with the field data taken 
from 31 August 2013 to 11 March 2014. It shows that the predicted ground 
movements agree reasonably well with the observed movements. A comparison 
of the results indicates that the measured suction profiles generally follow the 
trend predicted by the numerical model. The results of the back-analysis show 
that the finite element numerical analysis including the proposed tree root water 
uptake model can reasonably predict the soil suction distribution and the ground 
movement induced by the tree root drying. 
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Chapter 7  
Parametric Study 
7.1 Introduction 
In the previous chapter, the validity of the numerical model was successfully 
examined by comparing the ABAQUS output with the field data. There are some 
parameters (e.g. tree transpiration rate and soil permeability) affecting the results 
predicted by the numerical analysis. Further study has been carried out to 
evaluate how these parameters affect the soil suction distribution, ground 
movement, and footing deformation. This chapter presents the results of the 
parametric study. 
 
The finite element model, loads and footing details were same as those used in 
the previous chapter for the back-analysis of the influence of the Eucalyptus tree 
in the front yard. The wilting point was taken as 2550 kPa. The transpiration rate 
was taken as 2.6 L/day unless otherwise specified. All other parameters that are 
not specified here are the same as those shown in Table 6.1 in Chapter 6. 
 
7.2 Effect of Elapsed Time 
In the root-soil-footing interaction analysis, many parameters are time-dependent, 
such as the permeability, transpiration rate, evaporation rate, rainfall and other 
weather conditions. The effect of elapsed time on the changes in the soil suction 
and ground movement, and the deflection of footing were studied using the 
numerical model described in the previous chapters. A saturated permeability 
coefficient of 2.4 × 10−9 m/s  was used for the top two layers of soil while 
8.6 × 10−10 m/s  was adopted for the bottom layer of soil. The numerical 
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analysis was carried out for nine different time frames, ranging from 1 week to 7 
months. 
 
Figure 7.1 shows the calculated soil suction profiles at various distances from the 
tree. The soil suction increased steadily with time. The variation in total suction at 
the ground surface is between 1215 kPa to 1707 kPa at 0.5 m from the tree, and 
between 1172 kPa to 1433 kPa at 2 m from the tree. The maximum change in 
suction at 2 m away from the tree was only 53% that which occurred at 0.5 m 
from the tree. The variation in total suction decreased with depth. The magnitude 
of variation can be ignored below about 3 m in the suction profile at 2 m from the 
tree, and below about 3.3 m in the suction profile at 0.5 m from the tree.  
 
 
(a) At 0.5 m away from the tree        (b) At 2 m away from the tree 
Figure 7.1: Calculated soil suction variation in time at different locations 
 
Figure 7.2 shows the contour plots of soil suction distributions around the tree at 
the different times. The presence of the tree root caused a higher suction in soil 
near the root zone and the influence area extended in both directions with time. 
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Figure 7.3 shows a plot of the calculated soil suction against lateral distance from 
the tree, at a depth of 0.1 m below ground. The effect of tree root drying is clearly 
evident in the suction profiles of Figure 7.3. The soil suction change at 5 m away 
from the tree was only 26% that which occurred near the tree. 
 
 
Figure 7.2: Contour plots of soil suction (kPa) distributions around the tree  
2 Months 1 Month 
2 Weeks 
1 Week 
7 Months 
6 Months 5 Months 
4 Months 3 Months 
(kPa) 
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Figure 7.3: Change in soil suction at a depth of 0.1 m plotted against lateral 
distance from the tree (variation in time) 
 
Figure 7.4 shows the ground surface movements around the tree versus time. It 
can be seen that the surface settlement increased with time. The maximum 
shrinking settlement that occurred near the tree increased from 2.5 mm in the first 
week to 18 mm after seven months. 
 
 
Figure 7.4: Calculated ground surface movements (variation in time) 
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The effect of evaporation and tree root drying on the performance of the concrete 
slab footing (Figure 7.5) was also evaluated. Footing deflections along Section F-
A are plotted in Figure 7.6. It can be seen that the deformation pattern of the 
footing changed with time. The deflection curve concaved down mainly due to 
loads of the dwelling during the first five months. As the soil around the footing 
dried out due to evaporation, a centre heave (edge shrinkage) mound occurred 
after five months.  
 
The footing deformation along Sections F-G, A-B-C-D and E-D are plotted as a 
function of time in Figure 7.7 to Figure 7.9. A similar trend was observed, i.e. the 
deformation curve started to concave up after five months. The deflection and the 
differential deflection of the footing were relatively small and seemed not being 
influenced by the tree since the footing was well away from the tree. 
 
 
Figure 7.5: Footing layout used in the parametric study 
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Figure 7.6: Footing deflection along Section F-A (variation in time) 
 
 
 
Figure 7.7: Footing deflection along Section F-G (variation in time) 
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Figure 7.8: Footing deflection along the re-entrant corner (Section A-B-C-D) 
(variation in time) 
 
 
Figure 7.9: Footing deflection along Section E-D (variation in time) 
 
7.3 Effect of Transpiration Rate 
Transpiration is the process of the loss of water from the plant through 
evaporation at the leaf surface. Transpiration rates depend on the tree species and 
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meteorological conditions such as humidity of air, temperature, wind and 
atmospheric pressure. The drier the air around a tree, the faster the transpiration 
rate of the tree. Transpiration is negligible in an atmosphere saturated with water. 
The transpiration rate can significantly influence the soil suction distribution and 
ground movement around the root zone. In this study, five different transpiration 
rates (2.6 L/day, 10 L/day, 40 L/day, 60 L/day and 80 L/day) were used in the 
numerical analysis to study the effect of transpiration rate on the soil suction 
distribution and ground movement. The study period for this parametric study 
was 30 days since with a transpiration rate of 80 L/day, the soil near the tree 
would reach to the wilting point after 30 days 
  
Figure 7.10 shows the soil suction profiles predicted by the proposed numerical 
model using the different transpiration rates. Increasing transpiration rate led to a 
significant increase in the soil suction near the tree. At 0.5 m from the tree, the 
soil suction at the ground surface was doubled when the transpiration rate 
increased from 2.6 L/day to 80 L/day. At 2 m away from the tree (Figure 7.10b), 
the impact of transpiration rate on the soil suction profiles is significantly lower. 
 
(a)  At 0.5 m away from the tree            (b)  At 2 m away from the tree 
Figure 7.10: Soil suction profiles predicted using various transpiration rates 
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Figure 7.11 shows the soil suction change in the horizontal direction at various 
lateral distances from the tree at a depth of 0.1 m. When the transpiration rate was 
increased six times from 10 L/day to 60 L/day, the maximum soil suction 
increased by 52% (from 1372 kPa to 2405 kPa). The lateral influence distance 
was about 0.75 m when the transpiration rate was less than 10 L/day. It increased 
to 1.5 m when the transpiration rate was above 60 L/day. 
 
 
Figure 7.11: Change in soil suction at a depth of 0.1 m plotted against lateral 
distance from the tree (predicted using various transpiration rates) 
 
Figure 7.12 shows the ground surface movements at various lateral distances 
from the tree which were calculated using five different transpiration rates. The 
results show the higher the transpiration rate, the greater the ground shrinking 
settlement near the tree. The maximum ground settlement was 2 mm for a 
transpiration rate of 2.6 L/day and increased to 33 mm for a transpiration rate of 
80 L/day. The lateral influence distance of tree was approximately 1.5 m for a 
transpiration rate less than 10 L/day, which was increased to about 2.3 m when 
the transpiration rate was more than 40 L/day. 
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Figure 7.12: Calculated ground surface movements for various transpiration rates 
 
Figure 7.13 to Figure 7.16 show the footing deformation along the Sections F-A, 
F-G, A-B-C-D and E-D. The vertical displacements of the footing were small in 
all cases. This can be attributed to the considerable distance from tree to building 
and relatively short study period (30 days). It is worth to mention that the 
maximum differential deflection of beam occurred when a transpiration rate of 80 
L/day was adopted in the numerical analysis.  
 
 
Figure 7.13: Footing deflection along Section F-A (predicted using various 
transpiration rates) 
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Figure 7.14: Footing deflection along Section F-G (predicted using various 
transpiration rates) 
 
 
Figure 7.15: Footing deflection along the re-entrant corner (Section A-B-C-D) 
(predicted using various transpiration rates) 
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Figure 7.16: Footing deflection along Section E-D (predicted using various 
transpiration rates) 
 
7.4 Effect of Saturated Permeability 
Unsaturated permeability influences the soil water flow rate, therefore influences 
the soil suction distribution and ground movement caused by the changes in soil 
suction. According to Equation (6.3), unsaturated permeability is directly 
proportional to saturated permeability. To evaluate the effect of saturated 
permeability on the soil suction distribution, ground movement and deformation 
of the footing, five separated three-dimensional finite element analyses were 
carried out using various permeability ranging from 5 × 10−8 𝑚/𝑠  to 5 ×
10−12 𝑚/𝑠. A constant transpiration rate of 20 L/day for an elapsed time of 30 
days was adopted in the numerical analyses.  
 
Figure 7.17 shows the soil suction profiles for various saturated permeability 
values at 0.5 m and 2 m away from the tree. The results indicate that near the tree 
change in soil suction increased as the value of saturated permeability decreased 
while there is no obviously consistent pattern at 2 m away from the tree.  
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(a) At 0.5 m away from the tree         (b) At 2 m away from the tree 
Figure 7.17: Soil suction profiles predicted using various saturated permeability 
 
The soil suction at a depth of 0.1 m varies the lateral distance from the tree is 
plotted as a function of saturated permeability in Figure 7.18. A low saturated 
permeability resulted in larger soil suction. The impact of saturated permeability 
can be ignored at a distance of larger than 2 m from the tree. 
 
Figure 7.18: Change in soil suction at a depth of 0.1 m plotted against lateral 
distance from the tree (for various saturated permeability values)  
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Figure 7.19 shows the ground surface settlement profiles for various saturated 
permeability values. The settlement generally decreased with the value of 
saturated permeability but the results do not show any consistent pattern.  
 
 
Figure 7.19: Calculated ground surface movements for various saturated 
permeability values 
 
Figure 7.20 to Figure 7.23 show the vertical displacements of footing along the 
sections F-A, F-G, A-B-C-D and E-D (refer to Figure 7.5). The maximum 
deflection of the beam along sections F-A, F-G and E-D is 1.04 mm, 0.91 mm 
and 1.11 mm respectively, all occurred when a high saturated permeability value 
of 5 × 10−8 𝑚/𝑠 was used in the numerical analysis. The results indicate that the 
higher saturated permeability value, the larger the differential deflection of the 
footing. 
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Figure 7.20: Footing deflection along Section F-A (for various saturated 
permeability values) 
 
 
 
Figure 7.21: Footing deflection along Section F-G (for various saturated 
permeability values) 
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Figure 7.22: Footing deflection along the re-entrant corner (Section A-B-C-D) 
(for various saturated permeability values) 
 
 
 
Figure 7.23: Footing deflection along Section E-D (for various saturated 
permeability values) 
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7.5 Effect of Weather Conditions 
Soil surface net water flow is the difference between water infiltration (rainfall 
only in this study) and the evapotranspiration. As discussed in Chapter 3, the 
evapotranspiration is influenced by the weather conditions. The results of the 
field monitoring and the back-analysis indicate that the tree had little impact on 
the performance of footing since it was well away from the house, which 
implicates that the behaviour of footing was mainly influenced by the weather 
condition, or the surface net water flow rate. Therefore, further study has been 
carried out to evaluate the impact of the soil surface net water flow rate on the 
footing deformation and the soil suction distribution beneath the footing. The 
same numerical model was used in this study. The transpiration rate and the 
elapsed time were taken as 10 L/day and 30 days respectively. A saturated 
permeability of 5 × 10−10 𝑚/𝑠 was used for the top and middle layers of soil, 
and 8.6× 10−10 𝑚/𝑠 for the bottom layer. The values of net water flow are taken 
as 5 mm/day, 6 mm/day, 7 mm/day, 8 mm/day and 9 mm/day respectively. 
 
Figure 7.24 shows the contour plots of soil suction distribution around and 
beneath the footing under the effect of different surface net water flow rate. It can 
be seen that the soil around the edge of the footing was drier than the soil under 
the centre of the slab. An increase in net surface water flow rate resulted in an 
increase in the edge penetration distance of soil suction change beneath the slab. 
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Figure 7.24: Contour plots of soil suction distribution under the impact of various 
net surface water flow rates 
 
5 mm/day 
8 mm/day 
9 mm/day 
7 mm/day 
6 mm/day 
(kPa) 
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Figure 7.25 to Figure 7.28 show the deflection carvers of the footing along the 
Sections F-A, F-G, A-B-C-D and E-D. It can be seen that the deflection and the 
differential deflection of the beam increased with the net surface water flow rate.  
 
 
Figure 7.25: Footing deflection along Section F-A (variation in net surface water 
flow rates) 
 
 
Figure 7.26: Footing deflection along Section F-G (variation in net surface water 
flow rates) 
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Figure 7.27: Footing deflection along the re-entrant corner (Section A-B-C-D) 
(variation in net surface water flow rates) 
 
 
Figure 7.28: Footing deflection along Section E-D (variation in net surface water 
flow rates) 
 
7.6 Effect of the Separation Distance between Tree and Footing 
The separation distance between the tree in question and the foundation of the 
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building is a key factor that determines the risk of damage due to tree root drying. 
Generally, the greater the separation distance, the lower the risk of damage to the 
building. A series of new finite element models have been created to study the 
impact of the separation distance on the performance of the slab footing. As 
shown in the Figure 7.29, this new model is the same as the numerical model 
used in the previous parametric studies and the back-analysis except that the 
distances between the tree and footing was changed to 2 m, 3 m, 4 m, 5m, 6m and 
7 m. The radius of the influence area of the tree root zone was taken as 1.5 m at 
the surface while the depth the influence area was assumed to be 1.5 m as well. 
The saturated permeability and transpiration rate adopted in the analyses was 
5 × 10−10 𝑚/𝑠 and 70 L/day respectively. An elapsed time of 90 days was used 
in this parametric study. 
 
Figure 7.30 show the contour plots of soil suction distribution predicted by the 
numerical analysis. The impact of tree root drying on the suction distribution of 
the soil around and beneath the house is more evident when the tree is closer to 
the footing. The suction of the soil beneath the footing gradually increased from 
the edge toward the centre of the slab. 
 
Figure 7.29: Three-dimensional finite element model (distance between the tree 
to footing = 2 m) 
R=1.5 m 
D=2 m 
37.3 m 16 m 
5 m 
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Figure 7.30: Contour plots of soil suction distribution of the new FE model 
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Figure 7.31 shows the soil suction profile of the cross section on the centre of the 
root zone which parallel to the footing edge. Because of the only variable is the 
tree separation distance, the soil suction profile and ground movement along the 
axis which parallel to the footing edge are remain the same when the tree 
separation distance increase. The ground surface movements are plotted in Figure 
7.32 as a function of the horizontal distance from the tree. The largest ground 
settlement occurred near the tree. The soil settlement at 5 m away from the tree 
was only 9% that occurred near the tree. 
 
 
Figure 7.31: Suction (kPa) profile on the middle of root zone cross section of the 
root-footing interaction model 
 
 
Figure 7.32: Ground surface movement of the root-footing interaction model 
 
(kPa) 
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Figure 7.33 shows the contour plots of footing deflection under the impact of tree 
separation distances. 
 
 
Figure 7.33: Contour plots of footing deflection of the root-footing interaction 
model 
 
Figure 7.34 to Figure 7.37 show the vertical displacements of the footing along 
the Section F-A, F-G, A-B-C-D and E-D. The results of the numerical analysis 
reveal that the beams along the east side of the house (close to the tree) dropped 
substantially more than the rest of the building. There was a tendency for the slab 
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to tilt toward the tree. The deflection of the footing was larger when the tree was 
closer to the footing. Compared with the results of the back-analysis (Figure 
6.28), the slab footing experienced much larger deflection when the separation 
distance between the tree and the footing was reduced from 5.8 m to 2 m.  
 
 
Figure 7.34: Footing deflection of the root-footing interaction model along 
Section F-A 
 
 
Figure 7.35: Footing deflection of the root-footing interaction model along 
Section E-D  
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Figure 7.36: Footing deflection of the root-footing interaction model along the re-
entrant corner (Section A-B-C-D) 
 
 
Figure 7.37: Footing deflection of the root-footing interaction model along 
Section F-G 
 
Figure 7.38 shows the contour plot of the maximum principal stress in concrete at 
the top of the concrete slab. The maximum concrete tensile stress is 1.76 MPa 
when the tree separation distance is 2 m. The maximum tensile stress of concrete 
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slab reduces as the separation distance increase. The contour plot of the plastic 
strain magnitude in concrete slab is shown in Figure 7.39. In this study, the cracks 
occur in the concrete when the tree separation distance is 2 m, 3 m and 4 m. The 
root absorption has no impact on the concrete footing when the separation 
distance larger than 5 m. 
 
 
Figure 7.38: Maximum principal stress (kPa) distribution on the concrete footing 
 
(kPa) 
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Figure 7.39: Plastic strain magnitude distribution on the concrete footing 
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Figure 7.40 and Figure 7.41 show the distribution of Mises stress on the upper 
and lower reinforcement bars respectively. 
 
 
Figure 7.40: Mises stress (kPa) on the upper reinforcement bars 
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Figure 7.41: Mises stress (kPa) on the lower reinforcement bars 
 
7.7 Summary 
A numerical parametric study has been carried to study the effect of various 
parameters on soil suction distribution, ground movement and performance of the 
footing.  
 
The following observations can be made based the results of the parametric study: 
• As expected, soil suction and ground settlement induced by transpiration 
increased with time.  
• An increase in transpiration led to an increase in soil suction and ground 
shrinking settlement, and a larger differential deflection of the footing. 
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• An increase in net surface water flow rate resulted in an increase in the 
edge penetration distance of soil suction change beneath the slab. 
• When a tree was close enough to the house, it caused a significant 
shrinkage settlement of foundation soil and large deflection of the footing 
• The saturated permeability of the soil seemed to have limited effect on 
soil suction distribution and ground movement.  
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Chapter 8  
Case Study of a Residential Building Damaged by 
Expansive Soil Movement due to Tree Root Drying 
8.1 Introduction 
Lightly loaded structures such as pavements and domestic dwellings built on 
shrinkable clay soils are vulnerable to movement and structural damage due to 
shrinkage settlements caused by tree root drying. In Australia, damage to lightly 
loaded structures caused by tree root drying has been widely reported. Goldfinch 
(1995) found that the effects of tree root drying shrinkage of foundation soils 
caused, or contributed to, cracking in 80% of cases involving domestic dwellings 
and light commercial structures in Adelaide. Gad et al. (2012) found that tree root 
drying was the second biggest reason for causing cracking and movement of 
residential buildings (approximately 50% of the 367 damaged houses in 
Melbourne area). This is not exclusive to Australia. In the United States, it has 
been estimated that six billion US dollars (in terms of 1982 dollars) are spent each 
year as a result of damage to all types of structures built on expansive soil. About 
20% of this damage or about 1.2 billion dollars can be traced to desiccation 
effects of vegetation (Holtz, 1983). The Association of British Insurers has 
estimated that UK domestic property insurers receive 35000- 55000 domestic 
subsidence claims per year and 70% of valid claims are attributable to vegetation 
(primarily trees) induced clay shrinkage (Plante and MacQueen, 2011). 
 
Current engineering guidelines given in Australian Standard AS2870 (2011) are 
not based on adequate field research and measurement. Consequently, attempts to 
design footings to resist the additional ground movement due to trees are often 
flawed, owing to poor understanding of the water demands of various tree 
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species, wilting points and potential root development. 
 
In order to obtain a better understanding of the problem and to improve the 
current practice, more research is needed to quantify the impact of trees on the 
performance of residential footings. In this study, the field investigation and back 
analysis of a residential house damaged by expansive soil movement due to tree 
root drying were carried out. This chapter presents the results of the case study.  
 
8.2 Description of the Building and Existing Site Conditions 
This case study concerned a single storey, partially articulated masonry dwelling 
in a south-west suburb of Melbourne, Australia. The building is approximately 
forty years old and has a terracotta tile roof supported on conventional timber 
trusses. The footing system is a “footing slab” consisting of reinforced concrete 
strip footings (approximately 600 mm wide by 400 mm deep) under external 
walls and an infill concrete slab on ground (approximately 100 mm thick) which 
is supported by the strip footings. The slab has been thickened under internal 
masonry walls. The building is located in an area of Quaternary Newer Volcanics 
which is normally classified as Class H (i.e. highly reactive, Table 8.1) according 
to the Australian Standard for Residential Slab and Footings (AS2870, 2011). The 
site has a very slight fall of approximately 0.5% towards street and footpath 
(Figure 8.1). There is a large Eucalypt tree of approximately 15 m height, located 
7 m from the north-west corner of the dwelling (Figure 8.1 and Figure 8.2). Along 
the western elevation of the property, there are a few native shrubs (with a 
maximum height of about 1.2 m). The location of the dwelling and tree is 
illustrated in Figure 8.1. The small garden at the front of living room has been 
apparently very well-watered. 
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Figure 8.1: Location of tree and soil boreholes (not to scale) (after Li and Guo 
(2016)) 
 
Table 8.1: Site Classification Classes to AS2870 (2011) 
ys (mm) Class Description 
0 < ys  20 S slightly reactive 
20 < ys  40 M moderately reactive 
40 < ys  60 H1 highly reactive 
60 < ys  75 H2 highly reactive 
ys > 75 E extremely reactive 
 
8.3 Description of Distortion and Cracking Observed 
The extensive building distortion was the subject of investigations by various 
engineering consulting engineers. The inspection conducted in September 2003 
revealed that the building floor tilted towards the north-west corner of the 
property and the maximum differential displacement between the north-west 
corner (Point A, Figure 8.1) and the south-east corner of living room (Point B, 
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Figure 8.1) was approximately 125 mm. Extensive cracks were observed on 
external and internal walls. Although several test pits and boreholes were drilled 
to a depth of about 2 m to identify the strip footing size and assess the soil 
properties, no soil test had been conducted. To raise and re-level the footings, all 
external strip footings and internal slab thickening were underpinned. The 
underpins were approximately 1 m long and 1-2 m deep. The locations of 
underpins are shown in Figure 8.3. The building reinstatement and underpinning 
work was completed in June 2006. After six months, the owner reported that 
cracking started to reappear.  
 
 
Figure 8.2: Large settlement and cracking of the concrete curb near a 15-m-high 
Eucalypt street tree (after Li and Guo (2016)) 
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Figure 8.3: Locations of underpins completed in 2006 (after Li and Guo (2016)) 
 
An investigation into the cause of cracking in this dwelling was undertaken at the 
request of the owner in 2010. The following is a list of the main defects which 
were observed during the field inspection: 
• Extensive settlement and cracking of the concrete kerb along the west 
boundary of the property (Figure 8.2). 
• Severe wall cracking in bedroom 2 (Figure 8.4), bedroom 1, living room, 
bathroom, and kitchen (Figure 8.5). 
• Ceiling cornice cracking in most rooms. 
• Doors to front entry (Figure 8.6), bedroom 1, bathroom and kitchen were 
inoperable. 
• Re-opening of previously repaired cracking in the garage eastern wall 
(Figure 8.7). The width of the new cracking was approximately 5 mm.  
 
A level survey was performed to determine the general pattern of the movement. 
Figure 8.8 shows the measured relative footing movement between 10 Nov. 2010 
and 10 Feb. 2011. The contour plot indicates that the north-west corner of 
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bedroom 2 had settled substantially more than the rest of the building 
(presumably due to soil shrinkage), and there was a tendency for the slab to tilt 
toward the north-west corner. The maximum differential deflection between Point 
A and Point B was about 12 mm (Figure 8.8) 
 
 
Figure 8.4: Cracking below a window of Bedroom 2 (after Li and Guo (2016)) 
 
 
Figure 8.5: Crack on the interior wall above the doorway to the kitchen (after Li 
and Guo (2016)) 
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Figure 8.6: Distortion above the front entry door (after Li and Guo (2016)) 
 
 
Figure 8.7: Reopening of crack on the garage wall (after Li and Guo (2016)) 
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8.4 Geotechnical Investigation 
The geotechnical investigation was conducted in February 2011. Because of site 
access restrictions, the drilling rig can only take soil samples from the garden bed 
near to street and at the front of living room. Two boreholes were drilled to 
approximately 4 m deep to evaluate the soil profile and the level of reactivity of 
soil types within the profile. The location of boreholes is shown in Figure 8.1. 
Groundwater was not found in the soil borings. The geotechnical profile for soil 
found in BH1 is shown in Figure 8.9. The soil profile across the site was 
relatively uniform and the soil profile can be described generally as 150 mm of 
sand topsoil underlain by high plasticity clay to about 1.75 m then very high 
plasticity clay to a depth of approximately 4 m.  
 
 
Figure 8.8: Measured relative footing movement between November 10, 2010, 
and February 10, 2011 (mm) (after Li and Guo (2016)) 
 
In Australia, the site classification for reactivity (Table 8.1) is based on 𝑦𝑠, the 
predicted design site surface movement, over the life of the house, which is based 
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on design soil suction change profiles for different climatic regions of Australia 
(Li and Cameron, 2002). The value of 𝑦𝑠  is determined by the following 
expression (AS2870, 2011): 
 
𝑦𝑠 =
1
100
∫ 𝐼𝑝𝑡∆𝑢𝑑ℎ
𝐻𝑠
0
 (8.1) 
 
where 𝐼𝑝𝑡  is the instability index of the soil, which is defined as the percent 
vertical strain per unit change in suction considering possible lateral restraint, ∆𝑢 
is the change in suction, in pF units in the soil layer under consideration, 𝑑ℎ is the 
thickness of the soil layer and 𝐻𝑠 is the design depth of suction change. More 
information about the site classification and computation of 𝑦𝑠 can be found in 
AS2870 (2011) and (Cameron, 1989). 
 
The shrink-swell tests (AS1289.7.1.1, (2006)) were conducted to obtain the 
instability index 𝐼𝑝𝑡. The test was composed of a swell test and a core shrinkage 
test. The swell test involved a simplified oedometer test in which 50 mm diameter 
‘undisturbed’ sample was cut with a rigid steel ring of 20 mm high and 45 mm in 
diameter and was then placed in a consolidation cell with two porous stone plates 
(one top and one bottom). The specimen was then inundated with distilled water 
and allowed to swell under a vertical pressure of 25 kPa for about two weeks. If 
the estimated overburden pressure of the soil in situ was greater than 25 kPa, then 
the greater load was applied. To prevent the soil from swelling out of the steel 
ring during the swelling test, a 5 mm high extension ring with the same internal 
diameter was installed to the top of swelling ring. The core shrinkage part of the 
test was conducted on a cylindrical core sample of 90 mm long and 50 mm in 
diameter. The soil sample was left to air-dry for at least two weeks and was then 
oven-dried. Changes in both the sample mass and length were monitored with 
249 
 
time. The swell strain and shrinkage strain, measured in the respective tests, were 
then combined to give a shrink-swell, or reactivity index, according to equation 
given in (AS1289.7.1.1, (2006)). The values of the shrink-swell indices for the 
different depths are presented in Figure 8.9. It should be noted that a shrink-swell 
index of 4%/pF would be regarded as a highly expansive soil, 6%/pF very highly 
expansive and 8%/pF, an extremely expansive soil (Li et al., 2014). Based on the 
measured shrink-swell indices and the parameters (i.e. the suction change at the 
surface, (∆𝑢) and the design depth of suction change, (𝐻𝑠) given in the Australian 
Standard AS2870 (2011), the value of 𝑦𝑠 calculated using equation (8.1) was 89 
mm. Hence the site is classified as Class E (extremely reactive, Table 8.1) in 
accordance with AS2870-2011. 
 
 
Figure 8.9: Geotechnical profile at BH1 (after Li and Guo (2016)) 
 
8.5 Soil Suction Profile 
During the site investigation in February 2011 (during the seasonally dry period 
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in Melbourne, Australia), two boreholes were drilled for determination of soil 
suction profiles, one near to the north-west corner of the building and another 
located in the garden next to the living room which was constantly watered. The 
locations of boreholes are illustrated in Figure 8.1. The soil samples were sealed 
and labelled immediately on extraction from the borehole, and were then stored in 
a constant temperature room at 20℃ and 50% relative humidity for approximately 
24 hours so that thermal equilibrium between the soil and the sample chamber 
could be achieved. Suction tests were conducted in accordance with AS1289.2.2.1 
(1992) using a Wescor HR-33T dew-point microvoltmeter with C52 sample 
chambers. The equipment functions as a dewpoint hygrometer and has a working 
range of 3.0 pF (98 kPa) to 4.8 pF (6310 kPa). Wet soils are less reliably 
measured with this equipment. The test and calibration procedures can be found 
in AS1289.2.2.1 (1992) and Wescor’s Instruction/Service Manual (Inc., 2001). 
 
 
Figure 8.10: Soil suction and water content profiles (after Li and Guo (2016)) 
 
Figure 8.10 shows that the soil suction and gravimetric water content profiles 
measured by the authors. The total suction (kPa) is a measure of a soil’s affinity 
for moisture. Therefore, “dry” soils which have a higher affinity to absorb 
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moisture have high values of kPa (pF), while “wet” soils which have a low 
affinity to absorb more moisture have low values of kPa (pF). Each reported 
suction value was taken as the average value of at least three sub-samples. 
 
The effect of tree root drying is clearly evident in the suction profiles of Figure 
8.10. The suction profile near the 15 m high eucalypt (BH1, Figure 8.1) indicates 
high suctions, or dry soil, over the full depth of sampling. The suction profile of 
BH2 shows that the top soil in borehole 2 was very wet. This can be attributed to 
water ponding due to constant garden watering. It is interesting to note that at a 
depth of 3.5 m, the total soil suction values for BH1 and BH2 are almost the same 
and were approximately at 4.1 pF (1216 kPa), which could be considered to be an 
“equilibrium” condition on this site.  
  
8.6 Soil Water Characteristic Curve  
Soil water characteristic curve (SWCC) is defined as the relationship between the 
degree of saturation (or volumetric water content) and soil suction. SWCC 
represents the fundamental hydraulic behaviour of unsaturated soil. Therefore, it 
is an essential input to model tree root-soil interaction. In this study, SWCC was 
determined in the laboratory through use of a GCTS suction controlled oedometer 
in which the total net normal stress could be controlled one-dimensionally and 
axial deformation could be measured. The suction range above 1500 kPa (i.e., 
total suction) was obtained by using the method proposed by Li et al. (2007). 
After oedometer test, the specimen was placed into a vacuum desiccator to dry 
over the salt solutions, the height and diameter of the specimen was measured 
using a digital vernier caliper. After removed from the desiccator, the final suction 
of the specimen was determined by a Decagon WP4 Dewpoint Potentiometer 
which uses the chilled-mirror dewpoint technique to measure total suction. The 
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SWCC shown in Figure 8.11 was produced by authors using both suction 
controlled oedometer and vacuum desiccator apparatus. The measured SWCC 
data were best-fitted with one best-fit SWCC equation (Van Genuchten, 1980) as 
shown in Figure 8.11. 
 
 
Figure 8.11: SWCC curve (after Li and Guo (2016)) 
 
8.7 Climate 
Melbourne has a mild, temperate climate with warm to hot summers, mild 
autumns, cool to cold winters and cool springs. The climate at the site is 
characterised by pronounced seasonal variations with a mean minimum 
temperature of 5.2 ℃ in July and a mean maximum temperature of 26.3 ℃ in the 
hottest month January (the average values for the period of 1939-2011). The 
annual average precipitation is around 590 mm and annual average sunshine is 
about 2,373 hours. The monthly rainfall and evaporation data from the nearest 
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weather station are shown in Figure 8.12. These data are needed to evaluate the 
surface boundary conditions in the proposed numerical modelling so that the 
effect of climate can be taken into account. Figure 8.13 presents daily 
evapotranspiration (mm/day) which was determined based on the recorded 
weather station data (such as daily temperature, wind speed, relative humidity 
etc) and the FAO-56 Penman-Monteith equation (Zhang and Briaud, 2015). 
Reference evapotranspiration can indicate the trend of transpiration of a tree.  
 
 
Figure 8.12: Monthly rainfall and evapotranspiration data at the site (after Li and 
Guo (2016)) 
 
8.8 Transpiration and Water Uptake by Large Eucalypt Tree 
In this case study, two SFM sap flow meters were installed to obtain transpiration 
rate of Eucalypt tree by measuring tree trunk sap flow (Figure 8.14). The SFM is 
the second generation HRM (Heat Ratio Method) sensor which is an 
improvement of the Compensation Heat Pulse Method (CHPM) by allowing very 
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slow and reverse rate of sap flow to be measured. Both sap velocity (𝑉𝑠) and 
volumetric water flow in xylem tissue can be measured using a short pulse of heat 
as a tracer. The SFM sap flow meter has been found to be a reliable tool for 
measuring transpiration and water uptake by trees (Li, Zhou et al., 2014). 
 
 
Figure 8.13: Daily evapotranspiration data at the site (after Li and Guo (2016)) 
 
The measured sap flow rate of Eucalypt tree is plotted in Figure 8.15. It can be 
seen that diurnal courses of sap flow exhibited a bell shape curve, flow rates 
began to rise from nearly zero after sunrise, reached a maximum around 12:00 
noon, then decreased gradually to nearly zero until midnight. From Figure 8.15, it 
can be seen that the sap flow also closely correlated with changes in solar 
radiation. The measured daily transpiration and cumulated sap volume are shown 
in Figure 8.16. The measured data indicated that this large Eucalypt tree was 
transpiring 73-87 litres per day during summer. 
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Figure 8.14: Sap flow sensors used in this research (after Li and Guo (2016)) 
 
 
 
Figure 8.15: Measured sap flow rate (𝑐𝑚3/ℎ) (after Li and Guo (2016)) 
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Figure 8.16: Measured daily transpiration and cumulated sap volume (𝑐𝑚3) (after 
Li and Guo (2016)) 
 
8.9 Numerical Analysis  
The numerical analysis was also carried out to get a better understanding of the 
influence of tree on ground movements. The finite element model, as shown in 
Figure 8.17, is 30 meters in length and width and 10 meters in depth, consisting 
of 339792 8-node brick elements. The soil profile was divided into two layers. 
Based on the tree height, stem diameter and canopy coverage, the horizontal 
distance 𝑟 and the depth 𝑑  of root zone were estimated to be 3.5 m and 3 m 
respectively.  
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Figure 8.17: Geometry of finite-element model (after Li and Guo (2016)) 
 
The numerical modelling of root-water uptake can generally be classified into 
two approaches. The first category deals with water flow to a single root (radial 
flow) and is often referred to as a microscopic approach. The disadvantage of this 
approach is that it requires detailed information on the geometry of the root 
system, which is practically impossible to measure or predict. The second 
category is a macroscopic approach, in which water extraction by roots is treated 
as a sink term distributed in the root zone. The macroscopic approach has been 
adopted in this research. The root-water uptake is described by a volumetric sink 
term, which is simply added to the governing equation for unsaturated soil water 
flow as: 
 
𝜕𝜃
𝜕𝑡
= 𝛻(𝑘𝛻𝜓) −
𝜕𝑘
𝜕𝑧
− 𝑠(𝑥, 𝑦, 𝑧, 𝑡) (8.2) 
 
258 
 
where 𝜃 is the volumetric water content, 𝑡 is time, 𝑘 is the unsaturated hydraulic 
conductivity, 𝜓 is the soil suction, and 𝑥, 𝑦, 𝑧 are the Cartesian coordinates.  
 
The sink term, 𝑆(𝑥, 𝑦, 𝑧, 𝑡) is related to the actual transpiration of tree 𝑇𝑎(𝑡) as 
 
𝑇𝑎(𝑡) = ∫ 𝑆(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑉
𝑉(𝑡)
 (8.3) 
 
where 𝑉(𝑡) denotes the volume of root zone. 
 
The unsaturated hydraulic conductivity 𝑘  is calculated based on Brooks and 
Corey (1964): 
 
𝑘(𝜃) = 𝑘𝑠(𝑒)𝑆𝑒
𝑟𝑒𝑓(2+3𝜆𝑤𝑠)/𝜆𝑤𝑠 (8.4) 
 
where 𝑘𝑠(𝑒) is the saturated coefficient of hydraulic conductivity estimated based 
on Kozeney–Carman equation (Mitchell, 1976). 𝑆𝑒
𝑟𝑒𝑓
 is the effective degree of 
saturation and 𝜆𝑤𝑠 is the slope of the soil-water characteristic curve. 
 
Based on the field measured data, the transpiration rate of Eucalypt tree was taken 
as 79 L/day. The drying curve of the soil profile was obtained from the SWCC 
test. A line load of 10 kN/m was imposed along all edges of the building to 
simulate the masonry walls and roof loads. An internal distributed load of 2.5 kPa 
was applied to model loading from internal partitions, the floor and live load. The 
stiffness of the reinforced strip footing and concrete slab were ignored in the 
numerical model. In other words, only the interaction between tree root and soil 
foundation was taken into account in the numerical analysis. 
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Figure 8.18: Contour plot of soil suction distribution at Day 90 (deflection 
magnified by 15)  
 
The soil moisture variation and ground movement induced by root absorption of 
the Eucalypt tree were simulated by using the commercial finite element 
software, ABAQUS for a period of 90 days. The distribution of soil suction 
predicted by the numerical model is shown in Figure 8.18. The effect of tree root 
drying and garden over-watering is clearly evident in Figure 8.18. and Figure 
8.19 shows the calculated soil suction profiles at BH1 (approximately 2 m away 
from the north-west corner of the building) and BH2 (at the front of living room). 
Also shown in Figure 8.19 are the measured suction profiles during the 
geotechnical investigation. Although there is considerable scatter, the field values 
of soil suction generally followed the trend predicted by the finite element model. 
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Figure 8.19: Calculated soil suction profiles at Day 90: (a) at BH1 (near tree); (b) 
at BH2 (front garden) (after Li and Guo (2016)) 
 
Figure 8.20 shows the contour plot of the calculated ground surface movement 
after 90 days, which indicates that a severe shrinkage settlement occurred at the 
north-west corner of the house while heaving of foundation soil occurred near to 
the front garden. The maximum ground settlement was about 42 mm. The 
deformation pattern compared reasonably well with the observed distortion 
pattern of the slab (Figure 8.8). The calculated level differences between Point A 
(the north-west corner of bedroom 1) and Point B (the south-east corner of living 
room) are plotted in Figure 8.21. The maximum differential movement was 80 
mm. 
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Figure 8.20: Contour plot of calculated ground movement at Day 90 
 
 
Figure 8.21: Calculated ground surface movement between Points A and B at Day 
90 (after Li and Guo (2016)) 
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8.10 Lesson Learned  
The case study emphasized the importance of understanding of the water 
demands of tree and zone of influence of tree roots. Although the underpinning 
and repair works completed in June 2006 appear to have generally stabilized the 
large distortions previously experienced by the building, the distortion and 
cracking due to the foundation movements are still occurring. The differential 
foundation movements which have occurred since installation of underpins in 
2006 can be mainly attributed to the shallow depth of underpins (less than 2 m). 
Past research has shown that the drying influence of tree roots can extend to 
depths of 3-5 m in the dry season (Cameron, 2001). As the expansive soil profile 
on this site is at least 4 m deep, tree drying influence below the level of the 
underpinning was quite plausible in this case. The soil suction profiles have 
clearly indicated that the depth of influence of tree roots was approximately 3.5 
m, i.e. more than 1.5 m below the level of underpins. 
 
The differential movement induced by tree root drying was exacerbated by a 
well-watered small garden, which caused the swelling of foundation soil and 
resulted in slightly slab heave at the south-east corner of living room. The 
numerical analysis indicated that the maximum vertical differential movement of 
the ground was 80 mm, which was well above the estimated ground movement of 
40-60 mm for this site by the consulting engineers who involved in the site 
investigations previously. The original strip footing system was relatively shallow 
and inadequate (by current standards) to cope with such a large differential 
movement. A much stronger footing would have been required in this case.  
 
There is no simple method to prevent cracking and movement in residential 
buildings constructed on highly reactive soils in the near vicinity of large trees 
with high moisture demand such as the large Eucalypt on this site. However, it is 
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the writers’ belief that the distortion and cracking would have been significantly 
reduced, if underpin depth greater than 3.5 m or a pier-and-slab type footing 
system has been adopted for this house. 
 
8.11 Summary 
In this study, the field investigation of a cracked residential house was carried out. 
Daily transpiration and water uptake of a large street tree, located 7 m from the 
north-west corner of the property, was monitored using a SFM sap flow meter. A 
numerical analysis was also conducted to estimate the soil suction distribution 
and soil movement under influence of large Eucalypt tree. 
 
Field investigations revealed that the major cause of house distortion could be 
attributed to tree root drying, which resulted in non-uniform soil moisture 
conditions and significant footing settlement at the north-west corner. The 
tendency of the corner settlement was exacerbated by a ponding of water at the 
small garden at the front of living room. In terms of AS2870 (2011), the site could 
not be considered a “normal site” as it has been subjected to abnormal moisture 
conditions. The results of soil suction testing indicate that the large Eucalypt tree 
on the site has influenced the soil moisture condition to a depth of approximately 
3.5 m (i.e. 1.5 below the level of underpins) near the north-west corner of the 
property. It appears that underpinning did not increase the stiffness of the footing 
system. 
 
The case study emphasized the importance of site management for residential 
buildings on expansive soil site. It has clearly shown that trees, growing in close 
proximity to a house could cause more severe damage to the buildings than the 
expected moisture changes due to seasonal influences and re-distribution of soil 
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moisture arising from construction on the site. It would be extremely costly to 
design a footing for extreme, or abnormal, moisture changes. 
 
It is believed that case studies such as the one presented in this paper can lead to a 
higher level of understanding of the impact of trees on residential footings and 
subsequently improve the current design approach. 
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Chapter 9  
Conclusion and Recommendations 
9.1 Conclusions 
Trees are a highly desirable and an important part of every community. They 
improve the landscape, enhance the environment, reduce noise, screen unsightly 
views, cut energy costs, provide fauna habitat and increase property values. 
However, trees may indirectly damage pavements and dwellings in urban 
environments, through the extraction of moisture from clay soils which causes 
deep drying effects. In Australia, distortions of residential buildings caused by 
tree drying settlement have been widely reported, particularly in areas of 
expansive or reactive soils. 
 
Current engineering guidelines are unable to provide any recommendations on the 
potential influence on soil drying of the different species of trees. Furthermore, 
engineering attempts to design footings for the additional ground movement due 
to trees are often flawed owing to poor knowledge of the water demands of 
various tree species. 
 
Although the effects of trees on soil desiccation have long been appreciated, 
attempts to quantify them are inadequate and attempts to model them are few and 
relatively crude. This is because the physical processes and arrangements 
involved are complex, and the measured data available to formulate and calibrate 
models is similarly scarce. 
 
This research addresses the critical issue of minimising the risk of planting trees 
on clay soils in an urban environment. It has involved field monitoring, laboratory 
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testing, numerical simulation and case study.  
 
As part of a long-term study of the influence of trees on dwellings in an urban 
environment, an experimental field site has been set up in Glenroy East, some 
13km north of the Melbourne CBD. The relative humidity, solar radiation, wind 
direction and speed, rainfall, sap flow of trees, soil moisture (suction) conditions, 
ground and footing movements have been closely monitored for more than five 
years. A series of laboratory tests to complement the field data were also 
conducted on soil samples taken from the field site at various times. The tests 
include: (a) soil shrink-swell tests, (b) permeability tests, (c) soil suction 
measurements, (d) triaxial tests, (e) shear box tests and (f) suction-controlled 
oedometer tests (soil water characteristic curve, SWCC). 
 
The results of the field monitoring show 
• The transpiration rate of tree closely correlated with changes in solar 
radiation. The larger solar radiation, the higher the transpiration rate;  
• Tree water uptake increased with the height and diameter of stem of tree;  
• Transpiration rate increased remarkably in dry seasons; 
• The moisture content of the soil near the tree was significantly lower than 
that away from the tree. 
• The presence of the tree resulted in an increase in the depth of soil 
moisture variation 
• The soil near to the tree experienced a larger shrinking settlement due to 
tree root drying 
• The soil desiccation by the tree has no impact on the performance of the 
building as the tree is still young and is well away from the building. 
• Sap flow meter appears to be a reliable tool for measuring transpiration 
and water uptake by a tree. 
 
A numerical model has been developed to study the influence of tree root drying 
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on the behaviour of unsaturated soil. In this model, the tree root water uptake is 
treated as a volumetric sink term. The transpiration and water uptake by tree roots 
were estimated based on the measured sap flow rate of the tree. The numerical 
model was used to back analyse the field experiments. The calculated 
distributions of soil suction and ground movements compared reasonably well 
with the field measurements. 
 
A case study was also carried out by using the proposed numerical model. The 
case study concerned a single story, partially articulated masonry dwelling in a 
southwest suburb of Melbourne, Australia. There was a large Eucalypt tree with a 
height of approximately 15 m, located about 7 m from the house. Two SFM sap 
flow meters were installed to obtain transpiration rate of Eucalypt tree by 
measuring tree trunk sap flow. The measured data indicated that this large 
Eucalypt tree was transpiring 73-87 liters per day during summer. The numerical 
analysis was also carried out using the proposed model to estimate the soil 
suction distribution and soil movement under the influence of the tree. The field 
investigation indicated that the large Eucalypt tree on the site had influenced the 
soil moisture condition to a depth of approximately 3.5 m, i.e. 1.5 m below the 
level of underpins. The case study revealed that the damage to the building was 
most likely caused by tree root drying, and the differential foundation movements 
which had occurred after the installation of underpins could be attributed to a 
relatively shallow depth of underpins. 
 
It is believed that the field experiment, laboratory tests, numerical analysis and 
case study such as those presented in this study can lead to a higher level of 
understanding of the impact of trees on residential footings and subsequently 
improve the current design approach. 
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9.2 Recommendations for Future Work 
The interaction between climate, tree, soil and footing is very complex. There are 
some problems still not clear, and some new discoveries have been made in this 
research which needs to be studied further. Therefore, the further research work is 
recommended in the following areas: 
 
1. Further research on the potential transpiration rate of the tree. The 
numerical simulations in this study were using the actual transpiration 
value which was measured by sap flow meter from the experimental site. 
However, the sap flow meter is not very common, and the collected data 
needs a professional analysis. The leaf area index (LAI) used in some 
model is difficult to be accurately measured. Further research on the 
models of estimate the potential transpiration that considers the species, 
size, age and conditions of the tree is needed.  
 
2. A better measurement method of root distribution. The methods to 
measure the root distribution in the soil are including washing methods, 
scaling methods and mapping methods. The first two methods require 
removing the entire root system with soil from the ground, which have 
high accuracy, but do not apply to a large tree. The mapping method is 
based on the fragmented information to mapping the root distribution, 
which is low imprecise, labour-intensive and large disturbance on the soil. 
Furthermore, those methods are difficult to measure the same tree for 
more than once. However, a tree root is developing and repeated 
measurements can provide a better understanding of the tree growing 
characteristics. A method with high accuracy and no disturbance of the 
soil is ideally for tree root distribution measurement.  
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3. More numerical analysis of the effect of soil saturated permeability on the 
ground movement and soil suction distribution. In the numerical 
parametric study, the effect of saturated permeability on the soil suction 
distribution showed an interesting result, which is soil saturated 
permeability can influence the root impact range, but their relationship is 
not monotonous. Further study is recommended to figure out if the 
maximum impact range can be reached at certain permeability. 
 
4. More numerical study on the damaged footing repair technology. There 
are various technologies to repair the damaged footing which is caused by 
root desiccation effect, such as underpins or root barrier. These two 
technologies are thinking in different ways: underpin is to repair the 
footing by raising the settled footing, and root barrier is trying to partially 
block the water flow from the soil beneath the footing to the root. Further 
numerical studies may find out the advantages and disadvantages of those 
two methods. 
 
5. Consider the superstructure in the existing finite element model. In 
existing model, the superstructure is counted as loads which are applied 
on the footing. However, in most case, the structural damage is manifested 
as wall cracking rather than footing cracking. As the result of numerical 
simulation in Chapter 8, the footing has undergone a serious tilt. In this 
situation, there are more lateral force applied on the wall and may cause 
wall cracking. Further numerical analysis of the interaction between root, 
soil, footing and superstructure can improve the understanding of the 
house cracking problem. 
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